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of  eljope  (tbe  Intersectioa  of  the  slope  vith  the  original  ground) 
to  tbe  zu»arest  point  on  ttae  structure  is  at  leant  four  tliaes 
tbe  belc^  of  tbe  sound.  Iven  share  a  gjreater  depth  of  cover 
is  provided,  a  slope  no  steeper  than  1  borlepntal  to,  2  vertical 
la  perslssihle  vlthln  tbe  boundary  of  Region  A  as  abovn  In  Fig.  4.1. 
Region  A  In  Fig.  4.1  is  specified  to  allov  for  greater  depths  of 


(ToUovlng  to  be  inserted  at  bottOB  of  p.  60.) 

4.3.2  CoBg>letely  Burled  Barrel  Arches.  A  coapletely  buried 
barrel  arch  develops  Its  resistance  as  a  hoop  conpression.  The  yield 
th.nst  S  developed  tinder  this  condition  is  the  product  of  the  yield 
cospresslve  stress  and  the  area  of  the  arch  rib  cross-aection  A. 
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where 


o  A 


S=cA=rbr’orr=^  , 
y  br' 


"  =  yield  reslst-’nce  measured  in  the  sao^  terms  as  the 

peak  vertical  stress  acting  at  tbe  crown  of  the  arch, 

V  =  width  of  the  section  of  arch  considered, 

r'  =  ECB.n  radium  of  the  arch. 


Empirical  results  Ruiii.'ari2,ed  in  Appendix  F,  indi- 
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ABSTRACT 


The  original  purpose  of  this  investigation  was  to  provide  a  pro¬ 
tective  shelter  that  could  he  constructed  and  occupied  in  a  forward  area 
within  one  week's  time  hy  an  engineer  platoon  with  a  normal  strength  (at 
the  time  this  stxidy  was  initiated)  of  51  inen.  However,  it  should  he 
pointed  out  that  the  structvure  as  finally  designed  can  he  built  and  occu¬ 
pied  hy  any  troop  unit  of  conparahle  strength  with  a  minimum  of  engineer 
equipment,  assistance  and  engineering  8\pervlsion. 

While  the  original  concept  was  to  design  a  forwaird  area  troop 
shelter,  a  sxibsequent  modification  called  for  consideration  of  the  pro¬ 
posed  troop  shelter  as  a  civil  defense  shelter.  The  basic  shelter  can 
he  used  for  civil  defense,  although  it  was  not  designed  specifically  for 
that  purpose.  Therefore,  some  minor  modifications  of  the  basic  shelter 
would  be  necessary  before  it  wotild  serve  satisfactorily  as  a  civil  shelter. 

Because  of  the  time  limitations  and  adverse  conditions  which 
generally  exist  in  a  forward  area,  the  structure  designed  herein  is  whHp 
as  sinple  as  possible.  Little  cast-in-place  concrete  is  required  in  its 
censtmetion,  and  no  special  equipment  or  skill  are  required  for  its 
erection.  Despite  these  limitations  the  standard  design  presented  herein 
will  successfully  withstand  an  overpressure  of  100  psi  at  the  surface  above 
the  shelter,  and  the  nuclear  effects  associated  with  this  overpressure, 
a  hr-h  :  .an  in  Lhc  high  of  yield.  Will.  relu...vely 

minor  modifications  of  a  standard  structure,  protection  can  be  provided 
frera  an  overpressure,  and  associated  effects,  of  as  much  as  JCO  psi. 
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The  haslc  (51-nian)  shelter  Is  l6  hy  48  ft.  in  plan.  It  consists 
of  steel  arch  ribs,  8  ft.  in  radius,  vhich  sv^jport  timber  blocks.  The 
arch  ribs,  made  from  inverted  structural  tees,  are  svpported  on  timber  sills. 
End  bulkheads  consist  of  vertical  vide  flange  posts  vhich  sxgjport  timber 
blocks  spanning  horizontally  between  the  posts .  The  top  of  the  posts  are 
sTipported  by  the  main  structure  itself,  while  the  bottom  of  the  posts  are 
supported  by  a  horizontal  truss  which  is,  in  turn,  supported  by  the  ends  of 
the  sills . 

The  entrance  structure  consists  of  two  principal  units;  the 
veirtlcal  entraujcermy  and  the  horizontal  passageway.  The  ve-tical  entrance- 
way  is  conposed  of  two  concentric  corrugated  pipes.  Tne  space  between  the 
two  pipes  is  filled  with  concrete  in  order  to  make  the  overall  structure 
act  as  one  unit.  The  horizontal  passageway  consists  of  prefabricated  steel 
frames  i.ith  timber  and  steel  plates  spanning  between  the  frames.  The 
passageway  is  of  modular  construction  and  serves  the  additional  function 
of  providing  space  for  such  items  as  mechanical  equipment,  CBR  filters, 
and  decontamination  equipment  if  desired. 

Suspended  bunks  for  51  oen  have  been  provided,  with  the  bvinks 
easily  retractable  when  not  in  use  to  provide  recreation  or  work  area. 
Sufficient  storage  is  provided  for  supplies  for  a  one-week  occupancy  by 
51  men,  and  additional  space  cm  easily  be  provided  for  in  the  plan.  The 
basic  report  deals  only  with  rhe  standard  51-inau  structure,  designed  for 
a  100  psi  overpressiire,  with  a  vertical  personnel  entranceway.  Alter¬ 
native  designs,  such  as  other  possible  entranceways,  side  by  side  spacing 
and  other  modifications  are  included  in  appendices. 


The  straettire  Is  designed  so  that  it  can  he  provided  in  a  series 
of  kits.  Each  Ut  contains  all  parts  necessary  for  the  erection  of  a  com¬ 
plete  section  or  tmlt  of  the  structure.  Use  of  these  kits  provides  almost 
C0B3>lete  flexihill'^  in  the  size  and  arrangement  of  the  structure.  For 
instance,  the  shelter  nay  he  of  any  multiple  of  12  ft.  in  length  hy  speci¬ 
fying  fewer  or  more  main  shelter  kits.  Similarly,  additional  ventilation 
or  entrance  structures  may  he  specified  hy  adding  addj.tional  passageway 
or  ventilation  kits. 

Detailed  fahrlcatlon  and  erection  plans  are  included  in  the 


appendix. 
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1.  INTROIUCTIOir 


1.1  OBJECT  AMD  SCOPE 

This  report  suamailzes  the  results  of  invest! gitions  made  in 
the  design  of  a  shelter  for  rapid  and  econcmdLcal  construction  hy  engineer 
trqc^s  in  the  field.  Beca\ise  of  this  special  emphasis,  it  was  necessary 
to  devise  a  shelter  which  could  he  erected  rapidly  with  the  normal  or 
standard  equipment  availahle  to  an  army  engineer  platoon.  While  these 
limitations  of  time  and  equipment  presented  some  unusual  problems,! It 
appears  that  a  satisfactory  structure  can  be  erected  and  occupied  within 
a  period  of  one  week. 

For  the  reasons  discussed  in  Sections  1.2  and  3-1  only  buried 
constmction  above  the  water  table  and  bedrock  was  considered  in  this 
study.  The  type  of  structure  that  appears  most  feasible  is  a  ccmpletely 
biiried  (including  earth-mounded)  arch  consisting  of  steel  ribs  supporting 
timber,  metal  or  precast  concrete  elements  between  the  ribs.  In  this 
report  timber  elementn  only  are  emphasized,  nince  this  type  of  structure 
appears  most  feasible  for  rapid  construction  in  a  forward  area.  Vertical 
ladder-type  entranceways  only  are  considered  in  the  basic  report.  Alter¬ 
nate  entranceways,  both  personnel  and  vehicular  are  presented  but  not 
designed  in  the  appendices.  Also  included  in  the  appendices  are  studies 
of  the  spacing  of  adjacent  basic  structures. 

A  brief  suimnary  of  the  results  of  the  study  to  determine  the 
feasibility  of  i^arious  stinictural  types  are  presented  in  this  report. 
Design  criteria  for  these  structural  types  also  are  given.  Design  calcu¬ 
lations  for  the  proposed  troop  shelter  are  included  in  an  appendix.  Also 
included  in  the  appendix  are  the  studies  which  have  been  made  to  determine 
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the  appllcahlll'ty  of  the  design  criteria  for  arches  presented  in  the  basic 
report.  The  results  of  these  studies  Indicate  that  the  design  procedures 
currently  glsen  are  safe  as  veil  as  sljqple. 

1.2  HISTORICAL  BACKGROUHD  CF  UfflJERGRCUlID  STRUCTURAL  DESIGN 

It  long  has  been  recognized  that  burled  construction  is  highly 
advantageotxs  for  providing  protection  from  shock  loads  and  fragments  result¬ 
ing  from  explosions  of  conventional  shells  and  botdbs  nearby.  Also  it  has 
been  recognized  almost  since  the  advent  of  nuclear  weapons  that  buried 
shelters  are  desirable  for  protection  against  the  radiation  and  blast 
effects  of  nuclear  bursts.  The  decision  between  supplying  protection  by 
buried  structures  or  by  surface  structures  primarily  is  based  upon  the 
relative  costs  of  the  two  configurations.  However,  it  generally  may  be 
said  that  buried  construction  becomes  economical  for  protection  against 
the  effects  associated  with  a  side-on  overpressure  of  50  psi  or  more.  This 
economy  results  from  the  very  Iscrge  antisymmetrlcal  loads  (reflected  and 
dynamic  pressures)  which  develop  at  ranges  from  the  burst  corresponding 
to  overprecsures  in  excess  of  this  value  and  the  consequently  larger  struc¬ 
tural  strengths  required  as  cotapared  to  strengths  of  buried  structures  at 
the  same  range.  Furthermore,  it  usually  is  more  economical  to  provide  pro¬ 
tection  against  prompt  and  residual  radiation  by  covering  the  structure 
with  earth  them  to  gain  this  protection  by  adding  lemge  thicknesses  of 
;th-*  ffisLv-.lals  to  f..>  stjructure  to  accomplibii.  chis 

protection. 

Significant  developments  in  the  design  of  underground  protective 
structures  •'.•rerc  made  duTing  World  Wsr  II.  However,  because  of  the  relatively 
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concentrated  forces  associated  with  the  high  e:q)lo8ive  weapons  of  that 
period,  primary  consideration  was  given  to  the  effects  of  contact  explosion 
or  very  near  misses  in  the  design  of  these  early  structures.  As  a  result 
of  these  considerations  protective  structures  were  designed  to  resist  pene¬ 
tration  of  the  weapon  itself,  penetration  of  fragments  from  the  weapon,  and 
also  the  forces  generated  hy  a  weapon  exploding  within  a  few  feet  of  the 
structure.  To  pixjvide  protection  against  penetration  of  the  weapon  and 
fragments  from  a  weapon  very  massive  structural  elements  generally  were 
required.  Damage  hy  shock  from  a  near  miss  esqjlosion  acting  on  a  structure 
proportioned  on  the  basis  of  penetration  resistance  generally  required  a 
detonation  so  close  that  the  structure  was  within  the  rupture  zone  of  the 
crater  formed  by  the  weapon. 

The  advent  of  nuclear  weapons  required  a  re-evaluation  of  the 
design  criteria  then  in  use  for  buried  protective  structures.  An  obvious 
criterion  vhJch  could  no  longer  be  applied  was  the  penetration  of  the 
weapon  itself.  Thus,  the  only  remaining  criterion  from  the  classical 
problem  was  that  of  resisting  the  shock  induced  by  the  detonation  of  the 
weapon  at  some  distance  from  the  structure.  Also  an  addltion&l  problem, 
that  of  protecting  against  radiation,  presented  itself.  Since  a  few  feet 
of  earth  generally  will  provide  protection  against  nuclear  radiation,  this 
last  problem  can  be  resolved  fairly  easily.  However,  there  were  many  pro¬ 
blems  to  be  considered  regarding  the  shock  produced  by  a  nuclear  weapon. 

It  may  be  shown.  Ref,  (l.lj,*  that  the  attenuation  with  distance 
of  the  ground  shock  from  a  weapon  detonated  below  groxind  ^  soil  is  much 
more  rapid  than  is  the  attenuation  with  distance  of  the  air  blast  from  the 

*Numbers  in  parentheses  throughout  this  report  refer  to  corresponding  entry 
in  Appendix  A,  References. 
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same  veapon  detonated  at  or  near  the  stirface.  Thus  it  may  he  concluded  that, 
excqpt  at  distances  closer  than  c5>proxiinately  the  zone  of  rupture  of  the 
crater,  the  effects  of  a  surface  hurst  of  a  nuclear  weapon  are  more  severe 
than  those  of  an  underground  hurst  in  soil  of  the  same  weapon.  Criteria 
for  the  design  of  structures  to  resist  these  effects  are  presented  in  Refs. 
(1.2  and  l.J  for  exanple).  The  criteria  given  herein  are  modified  fran 
these  previously  derived  criteria  to  make  them  directly  applicable  to  the 
type  of  construction  considered  in  this  report. 

1.3  NOTATION 

A  detailed  listing  of  the  notation  used  in  this  report  is 


included  in  Appendix  B 
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2.  SUMMARY  OF  DESIGN  CONSIDERATIONS 

In  this  chapter  the  several  factors  to  he  considered  in  the 
design  of  a  shelter  for  an  army  engineer  platoon  are  sianmarized.  Scsne  of 
these  requirements  are  self-evident;  therefore,  they  are  not  discussed. 

Other  requirements  are  based  on  rather  detailed  study,  the  results  of  which 
are  sunanarized  in  the  following  chapters. 

2.1  FUNCTIONAL  AND  ARCKETBCTURAL  FACTORS 

2.1.1  Size  of  Structure  Required.  An  engineer  platoon  nonnolly 
consists  of  51  men.  The  minimum  reqixlrement  specified  by  VffiS  f  tipulated 
that  the  structure  must  provide  for  housing  suid  maintaining  this  number 
of  men  for  a  period  of  one  week.  Becaxise  of  the  radiation  hazard  outside, 
these  men  must  remain  constantly  In  the  structure  for  approximately  this 
period  of  time.  The  structure  must  provide  sufficient  space  for  sleeping 
and  recreation.  Also  a  one  week's  sxipply  of  food,  water  and  other  provisions 
must  be  stored  within  the  structure.  Sanitary  facilities,  communications 
equipment  and  possibly  power  generating  devices  must  also  be  housed.  Use 
of  suspended  retractable  bunks  in  three  decks  allows  the  main  shelter  area 
to  be  used  both  for  sleeping  and  recreation.  Equipment  and  storage  of  pro¬ 
visions  in  addition  to  the  sleeping  and  recreational  requirements  define  a 
minimum  gross  floor  area  of  560  sq.  ft.  VJhen  all  criteria  and  their  effects 
upon  structxiral  integrity  and  costs  are  considered  it  appears  the  best 
structural  type  for  the  main  struct-ure  excluding  the  passageway  will  provide 
a  gross  floor  area  of  688  sq.  ft.  or  an  average  of  13 "5  sq.  ft.  per  man. 

A  lesser  area  in  the  main  struct\ire  can  be  provided  by  xising  the  passage¬ 
way  for  storage  of  provisions  and  equipment. 
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2.1.2  Stractural  lype  Required.  Arch-shaped  rlhs  supporting 
tiniber,  corrugated  metal  or  precast  concrete  elements  are  suited  "best  for 
structures  located  above  the  water  table  which  must  he  constructed  rapidly 
with  possibly  unskilled  labor.  Because  of  the  many  difficulties  associ¬ 
ated  with  construction  below  the  water  table,  such  construction  shovild  be 
avoided  wherever  possible.  It  is  imperative  that  the  structure  be  com¬ 
pletely  burled  in  any  case.  This  burial  may  be  accomplished  by  locating 
the  stinicture  entirely  below  the  natural  surface  of  the  ground  or  by 
covering  the  structvire  with  extensive  fill. 

Because  the  clear  span  required  in  the  structxxres  being  con¬ 
sidered  can  be  limited  to  less  than  10  ft. ,  rectangular  structures  could 
be  used  instead  of  arch  spans.  However,  sUidies  summarized  herein  indi¬ 
cate  arched  constiniction  is  preferable. 

2.1.3  Requirements  for  Radiation  Protection.  To  meet  the  limlta' 
tions  imposed  by  construction  techniques,  it  is  feasible  to  provide  protec¬ 
tion  against  radiation  by  specifying  sufficient  earth  around  the  structure 
to  reduce  radiation  levels  within  the  structiire  to  a  tolerable  range.  The 
study  reported  in  Appendix  D  Indicates  that  the  specified  minimum  depth  of 
cover  over  the  crown  of  4  ft.  appears  to  be  sufficient  to  protect  against 
radiation  of  the  greatest  intensity  to  be  expected  at  a  range  corresponding 
to  the  100  psi  o-verpressure  from  a  near-surface  detonation.  Therefore,  the 
structure  may  be  proportioned  to  resist  only  the  shock  loads  when  this 
minimum  cover  is  provided. 

2.1.4  Terrain  Factors.  For  purposes  of  concealment  it  is  impera¬ 
tive  to  blend  the  fill  over  the  structure  so  that  it  matches  as  closely  as 
possible  the  natural  surroundings.  Generally  cut-and-cover  construction 


will  be  tised.  However,  where  there  is  sufficient  topographic  relief  and 
sufficient  time  to  tvinnel  horizontally  into  a  hillside,  this  means  of 
construction  mig^  be  considered. 
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2.1.5  Location  of  Water  Table  emd  Bedrock.  As  nKJntioned  above 
it  is  exceedingly  desirable  to  avoid  construction  below  the  water  table. 

If  s\ich  construction  is  required  at  a  particular  site,  another  site  should 
be  considered.  When  another  site  is  not  available,  the  structure  should 
be  located  above  the  water  table  and  extensive  fill,  to  provide  radiation 
protection  and  conqjlete  bxirlal,  shoxild  be  placed  over  the  structure. 

Since  time  will  not  eJJLow  rock  excavation,  a  structure  must  be 
located  on  the  surface  of  the  rock  and  extensive  fill  placed  over  it  where 
bedrock  cannot  be  avoided.  Of  course,  it  is  desirable  to  seek  an  alternate 
site  where  rock  will  not  be  encountered. 

2.1.6  Reqviirements  for  Entrance  Structures.  The  entrance  to  the 
shelter  may  be  one  of  two  types;  (l)  a  vertical  shaft  leading  to  a  hori¬ 
zontal  "tube"  which  in  tvirn  leads  into  a  structure;  or  (2)  an  inclined  shaft 
leading  directly  into  the  structure  or  to  a  horizontal  "tube"  projecting 
from  the  structure.  For  either  type,  added  radiation  protection,  if 
required,  can  be  provided  by  sand-bagging  the  entrance  "tube"  where  it 
enters  the  structure.  Also  both  types  of  construction  will  require  a  tube 
as  the  actual  entranceway  with  a  hatch  to  prevent  the  shock  from  entering 
the  structure.  The  support  for  this  hatch  must  be  so  arranged  to  isolate 
the  large  reaction  of  the  closure  from  the  entrance  tube.  In  this  report 
ordy  the  vertical  shaft  leadi,ng  to  a  horizontal  passageway  which,  in  turn, 
leads  into  the  structure  is  considered. 
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2.1.7  Ventilation  Structures.  The  ventilation  system  must  serve 
tvo  primary  puiposes;  (l)  cooling  the  Interior  of  the  structure,  and  (2) 
replenishing  oxygen  and  removal  of  carbon  dioxide.  By  virtue  of  the  opening 
introduced  Into  the  structure  by  the  presence  of  the  ventilation  system  an 
incidental  problem,  that  of  preventing  the  shock  from  entering  the  structus’e, 
presents  itself.  One  solution  to  the  entire  problem  would  be  provision  of 
air  conditioning  and  chemical  or  mechanical  means  of  producing  oxygen  and 
removal  of  carbon  dioxide.  However,  chemical  methods  for  generating  oxygen 
end  absorbing  cetrbon  dioxide  require  relatively  large  items  of  equipment 
which  Inqplies  increasing  the  size  of  the  basic  structure  and  also  a  possible 
problem  in  transporting  the  equipment.  A  more  economical  and  simpler  solu¬ 
tion  appears  to  be  possible  by  providing  one  intake  and  one  exhaust  structure 
for  each  51*®a-n  shelter.  Alternatively  where  several  structures  are  located 
adjacent  to  one  another,  a  single  intake  and  single  exhaust  system,  of  larger 
size,  can  be  provided  to  accommodate  all  of  the  structures. 

2.2  ENGINEERING  FACTORS 

2.2.1  Katerlol,  Structural  Ty^e,  and  Site.  In  the  general  case 
of  designing  a  protecti-ze  structure,  the  problem  resolves  itself  essen- 
tleLLly  to  one  of  economics.  This  req\iires  the  study  of  several  possible 
altemati\’e  types  of  construction  including  the  use  of  several  different 
structural  materials  and  also  the  locations  of  the  structure.  In  the  case 
or  the  proDlem  primou-ily  considered  herein  the  ecouv^juics  cannow  ue  .neglected, 
but  because  of  the  limitations  of  time  and  available  equipment,  certain 
types  of  construction  must  be  eliminated  froa  consideration.  uTne  available 
equipment  necessitates  keeping  the  weight  of  each  individual  element  of  the 
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structure  ets  light  as  possihle.  The  available  time  for  construction  and 
immediate  occ\Q>ancy  of  the  structvire  precludes  the  use  of  cast-in-place 
concrete  and  of  using  timber  vhich  might  be  available  immediately  at  the 
site.  These  limitations  of  time  and  equipment  therefore  required  corjsidsra- 
tion  of  a  structTire  consisting  entirely  of  metal  elements,  entirely  of 
timber  elements,  entirely  of  precast-concrete  elements,  or  a  combination 
of  these. 

Study  of  these  possible  means  of  construction  led  to  the  C(  nclu- 
sion  that  the  entire  structure  could  be  provided  best  to  an  engineer  platoon 
by  including  all  of  the  parts  as  a  kit  vhich  could  be  transported  by  flatbed 
trucks  or  even  air-dropped.  For  the  single  personnel  shelter  to  be  located 
in  a  forward  area,  it  appears  the  most  suitable  structxire  will  consist  of 
steel  arch  ribs  which  siqjport  titdber  blocks  as  simply-supported  beams 
spanning  between  the  ribs.  Each  cocq)lete  rib  to  be  fabricated  in  two  parts 
which  when  field-connected  would  form  a  l80  degree  circular  arch  with  an 
internal  radi\xs  of  8  ft.  These  ribs  are  supported  on  timber  sills  rein¬ 
forced  along  each  side  by  steel  channels.  The  steel  channels  foiTr.  a 
field  splice  of  the  timber  sills  thus  permitting  the  sills  to  be  supplied 
in  12  ft.  lengths.  End  bulkheads  for  this  stinicture  consist  of  a  vide- 
flange-beam  posts  supporting  timber  blocks  between  their  flanges.  The 
wide-flange  posts  in  turn  are  supported  by  a  horizontal  truss  spanning 
between  the  sills.  Detailed  plans  for  this  stru.cture  are  included  as 
Appendix  J. 

In  addition  to  the  advantages  already  noted  for  the  type  of  con¬ 
struction  described  above,  this  structure  contains  the  simplest  possible 
connections  of  all  of  the  structural  types  considered.  This  structure  also 
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gives  a  minimum  number  of  different  structural  members  of  the  possible  struc¬ 
tural  types  considered.  It  lends  Itself  very  well  to  modular  construction, 
with  any  multiple  of  12  ft.  being  a  possible  length  of  the  structiire. 

The  only  disadvantage  of  this  structure  which  has  been  encountered 
is  the  difficulty  of  backfilling.  Since  this  arch  depends  upon  the  backfill 
to  mobilize  its  design  strength,  the  backfilling  of  such  a  structure  is  more 
critical  than  the  backfilling  of  a  structure  with  greater  Inherent  flexural 
strength.  However,  except  for  the  fact  that  heavy  mechanical  equipment  can¬ 
not  be  vised  for  conpactlon,  this  backfilling  does  not  present  any  major 
difficulties,  especially  since  there  will  be  a  relatively  large  force  of 
man  power  to  accomplish  it  and  since  availability  of  heavy  equipment  may 
not  be  counted  vpon. 

2.2.2  Design  Overpressvure  and  Loading.  It  is  likely  that  person¬ 
nel  would  be  given  less  importance  by  an  enemy  than  heavy  weaponry  or  com¬ 
munication  centers.  As  a  result  personnel  shelters  generally  would  not  be 
designated  ground  zero  for  the  detonation  of  large  yield  nuclear  weapons. 

By  dispersing  personnel  shelters  a  reasonable  distance  from  the  probable 
prime  tau'gets,  these  shelters  cein  be  designed  to  resist  overpressure  levels 
of  tolerable  proportions. 

From  a  defensive  standpoint  the  distance  by  which  a  persoimel 
shelter  should  be  removed  from  designated  groimd  zero,  and  the  corresponding 
desit^  overpressure  level,  are  inherently  related  to  the  size  of  weapon 

prclc  '■  iL.  -,t  be  prcride"^  .  '  o  t)r~  probabilj*”  a  certain 

over.'rc5i-  ;re  level  attained  depends  upcn  the  ciiovdar  probable  error 

(cep)  japatible  with  the  method  used  by  the  enemy  to  deliver  the  weapon. 

Knowl  the  ’.e  cf  the  weapon  and  the  associated  CEP  provides  a  means  of 
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estalbllshing  the  probable  distances  from  ground  zero  at  which  certain  over¬ 
pressure  levels  will  be  exceeded  as  well  as  the  probability  of  these  levels 
being  exceeded.  The  size  of  weapon  and  method  of  deli-zery  cannot  be  accur¬ 
ately  forecast,  but  for  the  nuclear  weapons  which  would  probably  be  enployed, 
it  does  not  seem  practicable  to  disperse  beyond  a  range  which  would  corres¬ 
pond  to  an  overpressure  of  100  psi.  Therefore,  this  should  be  the  minimum 
pressure  considered  in  the  design  of  personnel  shelters,  and  consideration 
of  higher  overpressures  veil  aaj'’  be  advisable.  The  proper  overpressure  to 
be  considered  for  a  specific  design  (or  on  the  other  hand  the  distance  by 
which  a  structure  must  be  removed  from  other  targets)  must  be  left  to  the 
designer  who,  it  is  expected,  will  have  available  the  types  of  units  in  a 
particular  military  deployment,  the  weapon  capability  of  the  enemy,  and 
means  of  establishing  CEP's  for  this  particular  capability. 

Once  the  overpressure  level  for  which  the  design  must  be  made  is 
established,  the  loading  acting  on  each  structural  element  may  be  estimated 
from  the  data  given  in  Chapter  4. 

2.2.3  Mode  of  Failure  and  Factor  of  Safety.  For  reasons  of 
econesny  it  is  essential  to  use  ultimate  strength  concepts  to  accooplish 
the  design.  These  concepts  reqxiire  the  visuEilization  of  the  possible  modes 
of  failure  of  the  structure,  and  provision  of  sufficient  strength  to  elimi¬ 
nate  these  modes  of  failure.  The  means  by  which  this  is  accomplished  are 
given  in  Chapter  h. 

Aiie  fti>_..ur  of  safe-j  c.v^sen  by  the  desigu^.*  wht..  ue  choose^ 
the  overpressure  to  be  protected  against.  That  is,  by  following  the  methods 
briefly  outlined  in  the  preceding  section  the  designer  determines  the  pro¬ 
bability  that  a  particular  overpressure  is  going  to  he  exceeded.  For  large 
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overpressures  It  generally  is  not  practical  to  choose  a  zero  damage  proba¬ 
bility  as  an  objective  since  this  would  result  in  almost  fantastic  design 
recjuirements .  Yet  a  small  concession  in  this  damage  probability  generally 
decreases  the  design  requirements  considerably.  As  a  result  if  a  damage 
probability  of  20  percent,  for  exaaple,  is  assumed  and  the  structure  pro¬ 
portioned  to  resist  the  corresponding  overpressure,  there  wotild  be  an 
80  percent  probability  of  sxorvival.  Obviously  absolute  safety  would  not 
be  provided  in  this  case,  but  the  provision  of  absolute  safety  of  all  who 
might  be  involved  in  a  nuclear  attack  cannot  be  economically  Justified 
and  a  calculated  risk  must  be  taken  as  in  any  battle  situation. 

2.2.4  Ductility  Ratio.  In  addition  to  using  ultimate  strength 

concepts  it  is  desirable  to  allow  a  naximum  deflection  x  of  an  element,  in 

m 

excess  of  the  yield  deflection  x  .  The  ratio  of  x  to  x  is  referred  to 

y  my 

as  the  ductility  ratio  p.  Ductility  ratios  greater  than  1.0  allow  part  of 
the  applied  force  to  be  absorbed  by  plastic  deformation  of  the  element. 

The  amount  of  plastic  deformation  which  might  be  allowed  depends  upon  the 
ductility  available  in  the  material  or  the  structural  element .  The  maximum 
ductility  ratios  for  the  various  materials  considered  are  recommended  in 
Chapter  4. 

2.2.5  End  Restraint  for  Particular  Members.  In  general  for 
protective  construction  it  is  desirable  to  have  members  continuous  over  as 
maiij^  supports  as  possible  because  of  the  reduction  in  moments  effected 
thereby.  However,  such  pi'actice  ror  the  type  of  structure  emphasized  in 
this  report  is  not  desirable  for  two  reasons:  (l)  the  length  and  weight 
of  continuous  members  would  be  contrary  to  the  general  criteria  which  must 
be  met;  and  (2)  use  of  continuous  members  would  place  serious  restrictions 
upon  vhat  modular  construction  might  be  possible. 
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2.2.6 


Again  a  concession  to  normal  design 


practice  vas  necessazy  to  fxilfill  the  objectives  of  this  program.  Normally 
foundations  vould  he  cast-in-place  concrete  using  a  trench  for  forming  to 
assure  continuous  sxgiport.  Since  cast-ln-place  concrete  could  not  he  used 
in  the  tine  alloved,  tlidber  sills  reinforced  with  steel  channels  appear  to 


he  the  best  alternative. 


2.2.7 


actures.  There  are  tvo  major  factors 


to  he  considered  in  choosing  the  proper  spacing  hetveen  structures:  (l)  the 
stnictures  must  he  far  enough  apart  that  the  presence  of  one  does  not  affect 
adversely  the  loading  on  the  otherj  and  (2)  hy  dispersing  ide  iticol  xmits 
svifficlently,  the  overpressure  for  which  the  units  must  he  designed  can  he 
reduced  and  the  probahility  of  at  least  one  survival  can  he  as  high  as  that 
of  a  single  vinit  of  much  greater  strength.  A  more  coniplete  discussion  of  the 
minimum  spacing  to  insure  proper  structural  action,  tmder  item  (l)  above,  is 
presented  in  Appendix  G. 

2.2.8  Interaction  of  Main  Structure  and  Appurtenant  Structures. 

It  appears  that  the  entrance  and  ventilation  structures  should  he  installed 
in  the  end  bulkheads  or  in  the  passageway  where  the  necessary  opening  can 
he  more  readily  framed  to  provide  the  necessary'  strength  than  can  he  done 
in  the  arch  of  the  main  structure.  There  is  an  additional  advantage  in  that 
it  is  easier  to  fabricate  these  appurtenant  structures  to  attach  to  a  plane 
surface  than  to  a  curved  surface.  Furthermore,  with  the  entrance  at  the 
end,  the  arrangement  of  equipment  within  the  structure  is  more  efficient. 


5.  FACTORS  raFLUENCING  ARCHTEECTURAL  DETAILS 


3*1  advarta:^  of  buried  construction 

In  this  report  the  use  of  hurled  construction  has  been  ir^dicitly 
assumed.  This  assun5>tlon  is  the  result  of  many  considerations  which  are 
enumerated  helov. 

3.1.1  Characteristics  of  Loading.  By  completely  "burying  a  pro¬ 
tective  structure  the  anti symmetrical  loads  are  reduced  while  the  deformation 
produced  by  them  is  nearly  eliminated.  Therefore,  the  cost  of  excavation, 
of  possibly  waterproofing  and  of  artificial  ventilation,  required  in  a  buried 
structure,  may  be  offset  by  the  saving  in  structural  materjaln.  The  over- 
pressTire  at  which  these  costs  balance  depends  upon  the  particular  site 
conditions.  However,  an  overpressure  of  30  psi  or  more  would  appear  to 
require  buried  construction  from  the  economic  standpoint  in  any  case,  unless 
the  size  of  weapon  for  which  protection  is  provided  is  much  less  than  the 
minimum  q?erational  sizes  cxirrently  considered.  Since  in  this  study  a 
design  for  an  overpressure  of  at  least  100  psi  was  required,  it  was  obvious 
that  only  buried  structures  should  be  considered. 

3 •1.2  Radiation  Protection.  Requirements  for  radiation  pro¬ 
tection  make  buried  construction  very  attractive..  Radiation  normally  is 
divided  into  two  categories,  prompt  and  residual.  Under  the  design  criteria 
established  by  WES  the  occupants  of  the  structure  were  to  receive  a  cumu¬ 
lative  dosage  from  both  sources  of  25  Roentgens  (R)  during  the  specified 
■  ’k  shelter  occ\;q)ancy.  Obviously  the  relative  amounts  of  radiation 
''  M  t.ilc  to  the  two  categories  as  well  as  the  total  amount  of  radia¬ 
tion  depends  vtpon  many  parameters.  Because  the  study  reported  herein 
a  standard  design,  it  is  inroossible  to  specify  all  of  these 
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parameters.  Yet,  the  amount  of  cover  required  for  structtiral  requirements 
apparently  is  sufficient  to  provide  sufficient  radiation  protection.  Fmt- 
thermore,  it  generally  is  more  economical  to  balance  the  cut  and  fill 
reqtiired  for  the  structure  to  avoid  the  necessity  of  disposing  of  any 
excess  cut  or  of  borrowing  material  for  fill.  Considering  this  bsdancing 
of  the  excavation  indicates  that  the  minimum  cover  required  to  accomplish 
full  burial  can  be  provided  economically. 

From  considerations  of  structural  integrity,  4  ft.  of  cover  was  ■' 
placed  over  the  crown  of  the  arch.  In  Appendix  D  an  analysis  is  presented 
of  the  radiation  protection  afforded  by  the  structural  config'uration 
adopted.  Because  the  standard  nature  of  the  basic  design  did  not  allow 
definition  of  a  specific  input  in  terms  of  weapon  yield  and  point  of  detona¬ 
tion,  several  conditions  are  assumed  in  the  appendix.  For  the  near  surface 
burst,  it  is  concluded  that  a  protection  factor  of:  (l)  more  than 
20,000  is  provided  for  residual  radiation;  (2)  more  than  JOOO  is  provided 
for  pronqjt  gamma  for  a  mean  spectral  energy  of  1  mev.;  and  (j)  more  than 
20,000  is  provided  for  prompt  neutrons.  For  e  burst  immediately  above  the 
structure  at  a  range  svifficient  to  produce  a  100  psi  diffraction  pressure 
on  the  surface,  these  protection  factors  are  greatly  reduced.  However,  it 
must  be  noted  that  ther«  is  a  low  probability  of  a  burst  occurring  within 
the  region  defined  by  the  solid  angle  corresponding  to  these  drastically 
^edn''od  protection  factors,  so  that  the  over-all  survival  probability  of 
the  basic  shelter  is  not  compromised  by  reduction  in  protection  factors 
attending  an  overhead  burst. 

5*l0  Terrain  Factors.  A  buried  structure,  especially  one 
below  the  original  ground  surface,  may  be  concealed  provided  that  extreme 
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care  is  taken  to  tlend  the  hackfill  vith  the  sixrrounding  ground  and  to 
camouflage  the  entrances  and  ventilation  structures.  A  structure  founded 
on  the  original  ground  vith  an  extensive  earth  mound  over  it  may  he  simi¬ 
larly  concealed. 

Terrain  may  also  influence  the  construction  methods  employed. 
Bviried  structures  probably  will  be  constructed  by  one  of  tvo  methods^ 
txmneling  or  cut-and-cover .  Tunneling  is  feasible  only  where  there  is 
sufficient  topographic  relief  to  allow  construction  of  a  nearly  horizontal 
tunnel.  If  the  terrain  is  relatively  flat,  the  stnicture  must  be  cut-and- 
cover  constiuction.  This  results  from  the  fact  that  so  long  as  a  structure 
is  located  outside  the  zone  of  rupture  of  the  ground  in  the  vicinity  of 
ground  zero,  there  is  no  necessity  for  placing  the  structure  deeper  than 
is  required  to  satisfy  con^jlete  burial  and  radiation  requirements.  Some 
advantage  may  be  gained  as  a  result  of  attenuation  of  the  shock  with  depth 
below  the  ground  surface;  however,  the  depths  necessary  to  develop  signi¬ 
ficant  atten\iation  are  such  that  it  is  not  economical  to  strive  for  this 
advantage  by  cut-and-cover  methods.  On  the  other  hand,  where  tunneling  is 
possible  this  advantage  might  be  economically  gained.  In  this  regard 
however,  the  designer  sho’old  be  warned  that  the  entrances  of  a  structure 
are  its  most  vulnerable  part;  being  deeply  birried  may  increase  the  vulner¬ 
ability  of  the  entrances  by  virtue  of  the  increased  length  of  the 
entranceways . 

5'!*^  Location  of  Water  Table  and  Bedrock,  lae  locai.icns  of  Xuc 
water  table  ar.d  of  bedrock  eire  very  ii:5)ortant  considerations  in  choosing 
the  site  of  the  structure  and  the  type  of  construction..  Where  the  water 
table  or  bedrock  is  near  the  surface  such  that  a  strucfure  located  cori5)letely 


■below  the  ground  surface  may  necessitate  excavation  helow  the  water  table 
or  into  the  rock,  another  site  should  "be  considered^  Another  site  should 
be  considered  because  of  the  many  advantages  of  locating  a  structure  entirely 
below  the  original  ground.  Where  construction  on  a  site  is  absolutely 
required  and  the  bedrock  or  the  water  table  is  near  the  surface,  there  is 
no  choice  other  than  placing  the  structure  above  the  bedrock  or  water  table 
and  covering  it  with  extensive  fill  from  borrow  pits  since  the  basic  struc¬ 
ture  is  not  designed  to  be  placed  below  the  water  table  and  since  an 
engineer  platoon  could  not,  in  the  time  available,  undertake  rock  excavation. 
When  the  structure  must  be  located  above  bedrock  at  least  one  ft.  of  fill 
must  be  placed  between  the  rock  and  the  sills , 

3.1.5  Entrance  Requirements.  Because  of  the  short  warning  of 
imminent  attack,  the  entrances  must  be  simple  enough  to  allow  fifty  men  to 
enter  the  structxire  and  "button  it  up"  in  twenty  minutes  or  preferably  less. 
Thus,  the  entrances  must  be  simple  in  operation,  yet  sufficient  to  resist 
the  expected  overpressure  and  radiation.  The  cover  for  the  entrance  must 
have  sufficient  strength  to  resist  the  expected  forces,  yet  it  must  be 
light  enough  to  be  placed  in  position  manually  and  fastened  within  something 
less  them  five  minutes. 

Additional  radiation  protection  at  the  entrance  if  required,  can 
be  accomplished  most  easily  by  filling  the  end  of  the  passageway  at  the 
point  where  it  enters  the  structure  with  sand  bags  which  were  filled  during 
the  construction  operation,  nowever,  it  was  apparent  in  the  computations 
summarized  in  Appendix  D  that  the  radiation  entering  through  the  entrance- 
way  is  negligible.  Consequently,  it  is  believed  that  the  additional 
protection  in  the  entranceway  will  not  be  required. 
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The  sinplest  type  of  entrance  structure  is  a  round  vertical  pipe 
with  a  hinged  door  or  closwe.  The  support  for  the  closure  or  door  must  be 
isolated  from  the  entrance  tiibe  to  avoid  collapsing  the  tube^  This  isolation 
may  be  accooqplished  by  laying  a  sill  around  the  entrance  tube  and  supporting 
the  closure  on  this  sill.  This  sill  must  be  anchored  by  use  of  dead  men  so 
that  it  will  not  lift  out  during  the  negative  phase  of  the  air  blast  or  as 
a  res\ilt  of  elastic  rebound  of  the  closure.  The  access  door  also  may  be 
sv?>ported  on  colvmins  resting  on  the  entrance  structure  below. 

5.1.6  Ventilation  Req\iirements .  Ventilation  of  a  protective  otruc 
ture  presents  many  problems  among  which  are;  (l)  prevention  of  blast  from 
entering  the  shelter;  (2)  filtration  of  radioactive  particles  from  incoming 
air;  and  (5)  ins\aring  the  proper  flow  of  air  to  maintain  habitability. 
Preliminary  investigation  indicated  a  Swedish  rock  grille  of  the  type  tested 
in  Operation  Upshot-Knothole  (5*5)  woxild  provide  a  ventilator  compatible 
with  the  original  design  requirements.  Subsequent  investigation^  based  pri¬ 
marily  on  unpublished  test  results  frexn  USNCEL.,  indicates  that  the  Swedish 
rock  grille  can  mitigate  shock  effects  from  short  duration  pulses  (of 
magnitude  associated  with  couv’entional  HE  weapons)  to  tolerable  levels, 
but  these  devices  are  not  adequate  for  pulses  with  pulse  durations  associ¬ 
ated  with  nuclear  weapons  and  "low  overpressures"  (less  than  a  few 
hundred  psi). 

Therefore,  other  devices  were  considered  to  provide  the  necessary 
closure  lor  tne  ventilation  system,  'i'ue  investigation  was  har^Jered  by  the 
fact  that  the  revised  criteria  for  the  standard  structure  did  not  allow 
definition  of  the  ventilation  requirements.  That  Is,  although  the  basic 
structure  was  to  house  5I  persons,  ir  was  impossible  to  specify,  for  the 
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genei«l  case,  how  much  equipment  would  be  housed  in  the  structure.  For  that 
matter  it  appears  that  the  standard  equipment  has  not  yet  been  specified 
for  the  shelter  to  be  need  only  in  a  forward  area  by  an  engineer  platoon. 
Additionally  it  is  conceivable  that  for  seme  insteJ-lations ,  primarily 
civilian  shelters  in  regions  of  high  land  use  and  involving  ccmbustible 
construction  a  fire  storm  might  develop  after  an  attack;  in  such  an 
eventuality  air-conditioning  probably  would  be  required.  Consequently,  it 
was  apparent  that  in  many  cases,  primarily  a  platoon  shelter  in  a  forward 
area,  a  sinple  ventilation  system  consisting  only  of  intake  and  exhaust 
ducts,  simple  bleist  closures,  and  a  fan  to  overcome  head  losses  woiild  be 
required;  on  the  other  hand  conpletely  encapsui.ated  systems  with  bottled 
oxygen,  CO^  scrubbers,  air  conditioning,  etc.  might  be  required  for  installa¬ 
tions  where  development  of  a  fire  storm  was  likely. 

Much  deliberation  of  the  problems  associated  with  ventilating  a 
standard  structure  led  to  the  conclusion  that  ventilation  could  not  be 
standardized;  each  shelter  and  the  equipment  for  it  must  be  analyzed  to 
determine  the  ventilation  requirements  and  the  type  of  hazard  which  is 
likely  to  develop.  Knowing  these  allows  specification  of  the  conponents 
required  in  the  ventilation  system.  To  allow  for  the  many  sitviations  which 
might  have  to  be  accommodated  in  the  ventilation  system,  the  standard 
shelter  and  passageway  can  easily  be  expanded  to  have  the  necessary  venti¬ 
lating  conponents .  Generally  it  was  considered  preferable  to  place  these 
components  in  the  psLssageway  or  i^s  exoension,  the  utility  suxuctuxe, 
because  (l)  the  noise  and  potential  fire  hazard  associated  with  the  fans 
and  gasoline  driven  power  unit  corad  be  isolated  frem  the  main  structure; 

(2)  contamination  associated  with  the  use  of  a  GBR  unit  would  be  isolated 
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from  the  main  structure j  and  (j)  the  relatively  small  area  associated  with 
each  con5)onent  and  the  flow  pattern  through  the  equipment  indicated  greater 
economy  of  construction  hy  placing  these  units  in  a  long-narrow  struettire 
than  in  the  main  structure.  Accordingly  the  passageway  and  utility  struc¬ 
tures  were  designed  to  accanmodate  directly  the  standard  Chemical  Coips  M-9 
CBR  unit  which  appears  to  have  more  than  adequate  capacity  for  the  platoon 
shelter  in  a  forward  area.  With  seme  modification  a  standard  M-10  CBR  vinlt 
can  be  accanmodated  in  the  passageway.  Where  larger  flows  are  required 
several  of  these  units  can  be  placed  end  to  end  along  the  passageway  or  a 
larger  standard  unit  might  be  modified  to  fit  into  the  passegeway. 

Similarly  the  intake  and  exhaust  ducts  for  the  standard  structure 
were  specified  to  accommodate  a  large  range  of  flow  rates  to  account  for 
the  conditions  which  might  prevail  for  any  condition.  These  ducts  were 
designed  to  provide  a  maximum  air  velocity  of  40  fps^  which  is  consistent 
with  the  specifications  for  the  CBR  filters  and  also  for  standard  blast 
valves  which  are  available.  A  particular  type  of  blast  valve  is  not 
specified  in  the  standard  design  because  of;  (l)  unknown  reqviirements  for 
flow  rate  in  the  general  case;  (2)  unknown  requirements  for  means  of 
actuating  the  values;  and  (j)  apparent  lack  of  a  commercially  available 
blast  valve  of  the  relatively  small  capacity  required  for  the  platoon 
shelter  in  a  forward  area. 

To  determine  the  quantity  of  air  which  must  be  provided  to  main¬ 
tain  the  51  men  in  the  standard  shelter  several  factors  must  be  considered. 
Air  is  required  to  replenish  the  oxygen  (O^)  in  the  shelter,  to  remove  the 
carbon  dioxide  (CO^),  to  remove  the  water  vapor  (HgO),  and  possibly  to 
remove  the  heat  generated  by  the  occupants.  According  to  Ref.  (3.4)  each 
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occupant  requires  or  generates  per  hour  the  amount  of  gases  or  heat  shown 
in  Taible  5.1.  In  Table  the  data  fran  Ref.  (3*^)  are  conpared  with 
minimum  valties  based  \5>on  the  data  from  Ref.  (5.5).  In  Ref.  (5.5)  the 
Og  requirement  is  given  as  1  liter  for  every  5  calories  of  food  intake. 
Also  in  this  last  reference  it  Is  stated  that  the  normal  male  performing 
average  amounts  of  labor  requires  5OOO  calories  per  day.  Using  these 
latter  data  yields  an  Og  requirement  which  averages  0.875  ft/ (hr.,  which 
con5)are8  very  favorably  with  the  demand  given  in  Ref.,  Thus,  it 

is  believed  that  Ref.  (5*^)  assumes  normal  activity  of  the  shelter  occu¬ 
pants.  However,  once  the  personnel  shelter  is  occupied,  the  physical 
activity  of  the  occupants,  by  necessity,  will  be  greatly  curtailed.  Also 
there  will  not  be  sxifflcient  food  nor  a  demand  for  a  diet  of  3OOO  calories/ 
day.  Therefore,  it  seems  more  reasonable  to  base  the  volume  of  air 
required  tgpon  an  average  food  intake  of  2000  calories/day . 

On  th:f s  -• -«is  the  volvuoe  of  air  required,  and  the  interval  at 
which  the  air  must  be  changed  within  the  structure  was  computed;  the 
res\ilts  of  these  con5>utations  are  shown  in  Table  5-2.  The  assunptions 
used  in  computing  the  values  in  Table  5.2  are  summarized  as  a  footnote 
to  the  table.  These  assuii5)tlons  appear  to  be  self-explanatory  except 
for  the  one  concerning  no  heat  conducted  into  the  surrounding  soil.  Nor¬ 
mally  soil  a  few  feet  below  the  original  ground  surface  in  a  tec^perate 
climate  would  be  at  a  ten^ierature  of  approximately  55°P°  For  other 
climatic  conditions  the  subsurface  temperat’ure  equals  the  mean  annvial 
air  -terroerature .  However,  in  the  standard  design  being  considered  here, 
the  shelter  is  to  be  occupied  immediately  after  cc2ng)letion  of  construction. 
Also,  it  being  a  standard  design,  it  is  conceivable  that  some  shelters  ■w'ill 
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be  constructed  in  sub-tropical  or  tropical  climates,  and  the  natural  soil 
and  the  soil  \ised  to  backfill  the  structure,  by  virtue  of  its  being  exposed 
during  the  construction  phase,  may  attain  a  tenperat\ire  considerably  in 
excess  of  55°F.  Therefore,  for  the  standard  design  considered  here,  it  did 
not  seem  proper  to  allov  conduction  of  heat  to  the  surrounding  soil  vhlch 
may  not  be  capable  of  absorbing  significant  amounts  of  heat.  Yet  this  is 
not  particTilarly  conservative  since  it  has  been  assumed  also  that  all 
latent  heat  is  carried  off  with  the  water  vapor. 

There  are  two  significant  facts  to  be  observed  in  Table  5 '2. 

First  is  the  very  large  volume  of  air  required  to  maintain  a  tolerable 
tenperature .  This  will  be  discussed  at  greater  length  below.  Second  is 
the  fact  that  neglecting  the  heat  gain,  the  struci-uic  can  be  sealed  com¬ 
pletely  for  a  period  of  4.9  hours  without  causing  any  severe  effects  among 
the  occupants.  This  ability  to  close  off  the  structure  from  the  outside 
is  extremely  desirable  in  the  event  that  a  fire-storm  situation  develops. 
Under  such  a  situation  the  entire  eirea  in  and  around  the  storm  is  rendered 
conpletely  devoid  of  oxygen  for  varying  periods  of  time,  but  probably  for 
a  time  less  than  4.9  hours.  Consequently,  shoxild  such  a  storm  develop  in 
the  vicinity  of  a  shelter,  it  is  imperatlAre  that  the  shelter  be  absolutely 
sealed.  If  means  arc  added  to  remove  chemically  the  CO^,  the  shelter  could 
operate  up  to  9-^  hours  absolutely  sealed. 

Because  the  major  volume  of  air  supplied  to  the  shelter  results 
from  the  necessity  of  cooling  the  interior  and  because  during  a  fire-storm 
this  volume  of  air  cannot  be  supplied,  it  is  necessary  to  consider  other 
means  of  cooling  the  interior  of  the  shelter.  The  150  BTU/man-hr.  of 
entlialpy  generated,  allowing  a  20  percent  increase  for  equipment,  corresponds 
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to  9200  BTU/hr.  of  air  conditioning  needed  to  prevent  the  average  internal 
tenperature  from  exceeding  approximately  90°F.  Since  12,000  BTU/hr.  of 
air  conditioning  reqvdres  theoretically  ^.7  horsepower,  at  least  3.6  horse¬ 
power  must  he  provided  by  a  combination  of  mechanical  energy  and  a  waste 
heat  BUQ). 

As  an  alternate  5*^  tons  of  ice  covild  he  stored  in  the  structure 

which  theoretically  woiild  s\ipply  cooling  over  the  one -week’s  occupancy 

equivalent  to  the  air  conditioner.  The  ice,  however,  appears  to  he  a 

relatively  inefficient  means  of  cooling  the  entire  structure  Also  storage 

and  drainage  would  have  to  he  provided  to  use  ice  for  cooling.  Storage  of 
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ice  would  req\iire  I70  ft."^  which  is  approximate  5  percent  of  the  gross 
volvme  of  the  proposed  main  structure.  As  a  result,  it  is  believed  that 
the  air  conditioner  is  the  more  reasonable  means  of  supplying  the  necesssLry 
cooling  althoiigh  an  ice  reservoir  may  he  an  efficient  heat  svasp  for  use 
in  combination  with  the  air  conditioner. 

3«1«7  Fewer  Requirements.  The  requirements  for  power  for  running 
the  ail  conditioning  system  already  have  been  mentioned.  In  addition  power 
must  he  provided  for  overcoming  the  heeid  loss  in  the  ventilation  system 
and  for  operating  lighting  and  communications  equipment  within  the  shelter. 
UdtfuuK*,  ntt  (»lrca!ly  dl  tu’uiuircl,  IL  1  ti  ImpurttJlb  1  ti  to  Mpeetty  a  filngln  vfifittlto 
tion  system,  it  is  impossible  to  specify  the  power  required.  Canputation  of 
power  requirements  is  relatively  sinqile  after  the  ventilation  system  ■' s 
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3.2  BASIC  STRUCTURAL  TYRES 

The  different  structursuL  types  considered  during  this  investiga¬ 
tion  were;  (l)  arches,  including  ribhed  and  structural  plate,  (2)  barrel 
or  pipe  "arches,"  and  (3)  flat  roof;  including  slabs  and  beams  and  girder. 
In  genei^  any  of  these  three  types  may  be  fabricated  from  several  possible 
materials.  However,  because  of  limitations  imposed  by  tl^e  availability  of 
time,  equipment,  and  e3q)erienced  fabricators,  some  mattrials  have  definite 
advantages  over  other  materials.  These  limitations  are  discussed  first 
in  the  following  section. 

Because  the  structures  considered  in  this  report  trust  house 
personnel,  there  is  no  necessity  for  large  clear  spans  within  the  structure. 
This  observation  allows  considerable  latitude  in  the  choice  of  structural 
type  since  interior  columns  can  be  placed  at  practically  any  point  in  the 
structure  although  a  psychological  problem  may  result  from  cluttering  the 
interior  of  the  structure.  The  clear  span  required  affects  the  type  of 
constnactlon  chosen  and  some  discussion  of  this  subject  is  included 
following  a  discussion  of  the  specific  space  requirements  involved. 

Finally,  foundation  and  backfill  requirements  for  certain  struc¬ 
tural  types  may  influence  the  kind  of  construction  required.  Therefore, 
this  subject  is  discussed  also  among  the  advantages  of  the  possible  types 
of  construction. 

3.2.1  Practical  Limitations.  An  engineer  platoon  in  the  field 
p^xmarli,  i^as  tools  and  a  fairly  labor  _  How¬ 

ever,  they  are  limited  in  the  size  and  capacity  of  mechanical  equipment. 

At  best  they  will  have  a  bulldozer,  a  truck  with  a  winch,  and  for  limited 
I>eriods  a  light  power  shovel  with  a  crane  hoom  may  be  available  from 
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"battalion  headquarters.  This  power  shovel  might  be  available  to  each  company 
for  a  maximum  of  two  days  per  week.  It  is  inperative  for  the  engineer  pla¬ 
toon  to  complete  and  occupy  its  protective  structure  within  one  week  or 
less.  Ac  a  resvilt  the  power  shovel  may  be  used  along  with  the  bvilldozer  to 
cociplete  the  excavation  for  the  structure,  but  it  prctoably  will  not  be 
available  for  actual  construction.  Therefore,  actual  construction  must 
be  accomplished  mainly  by  manual  effort,  and  the  structursil  type  chosen 
must  be  compatible  with  this  meeins  of  erection. 

Since  heavy  eqiiipment  cannot  be  counted  upon  even  for  making  the 
excavation,  it  is  desirable  to  find  an  alternate  method  for  quickly  making 
the  cut  in  which  the  shelter  is  to  be  located.  It  appears  that  making  this 
excavation  can  be  expedited  by  placing  three  100  lb .  TNT  charges  along  the 
longitudinal  centerline  of  the  cut  for  the  shelter.  These  cheorges  sho\iLd 
be  placed  at  a  depth  to  the  center  of  the  charge  of  4.7  ft.  with  one  charge 
set  Immediately  over  the  center  of  the  expected  location  of  the  structure. 

The  other  two  charges  shoixld  be  set  14  ft.  along  the  centerline  from  the 
charge  at  the  center.  It  appears  that  these  three  charges  will  complete 
about  17  percent  of  the  total  excavation  and  that  they  will  effectively 
loosen  all  soil  which  must  be  removed. 

If  it  is  assumed  excavation  will  require  two  days  to  coinplete, 
approximately  two  days  will  be  available  for  complete  fabrication  of  the 
structure  since  backfilling  will  probably  require  three  days  for  completion. 

p  '■truct-'---’!  type  cn’'’*  e'"''5:en  to  a.llow  ccrnTp"!  «t.e  cation  ■'^-'•*•>1-1^ 

a  period  of  two  days  or  less.  For  this  reason  the  stinicture  must  be  pre¬ 
fabricated  and  the  structural  details  must  be  simple  enough  to  allow  rapid 


field  connection. 


To  reduce  the  cost  and  to  eliminate  the  necessity  of  field-sorting 


of  parts ;  the  greatest  possible  d\;^licatlon  of  structural  details  must  be 
utilized. 

3.2.2  Space  Requirements .  It  is  the  pourpose  of  this  portion  of 
the  rQ>ort  to  present  the  general  layout  or  plan  and  the  various  types  of 
structures  that  were  considered. 

A  typical  floor  plan  for  a  minimum  shelter  for  51  nien  is  shcnm  In 
Pig.  3*1*  Th®  width  depends  upon  whether  the  structure  has  a  flat  roof  and 
vertical  sides  or  is  some  type  of  an  arched  structure.  Figure  3*1  indicates 
the  widths  for  the  various  types  of  structures.  The  actual  floor  plan  will 
be  influenced  by  the  locatlai  of  the  entrances  or  accessways. 

A  typical  0- jss  section,  illustrating  the  proposed  bunk  arrange¬ 
ments,  are  shown  in  Figs.  3*2  and  3-5*  Various  types  of  bxxnks  have  been  con¬ 
sidered.  In  each  case  one  of  the  prime  considerations  was  a  type  of  bunk 
that  could  be  readily  moved  aside  or  folded  when  not  in  use.  A  hanging 
bunk  appears  to  be  more  suitable  than  a  folding  bunk.  The  cross  sections 
shown  were  all  selected  on  the  assumption  that  suspended  bunks  would  be 
used. 

As  previously  stated.  Fig.  5.I  depicts  what  might  be  called  a 
mininrum  shelter.  In  addition  to  sleeping  quarters,  it  has  been  proportioned 
to  provide  for  the  items  listed  below.  Work  space  or  other  additional 
space  could  be  provided  by  lengthening  the  over  all  structures  as  the 
Cw-l.e„^latec!  ^ ..nict'ores  ’.1  f  a  modular  type,  -nd  c' module 

designed  to  be  self-sufficient  insofar  as  structural  integrity  is  concemed. 

(1)  Drinking  water.  Space  has  been  provided  for  water  based  on 
a  water  consvmiption  of  two  quarts  per  day  per  person.  Four  55-gal.  drums 
per  week  thus  are  required  for  51  occupants. 
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(2)  Sanitary  facilities.  Space  is  provided  for  a  chemical  toilet 
system  vith  two  stools  end  a  200-gal.  elliptical  tank.  Additional  capacity 
could  "be  obtained  "by  hand-p\iii?)ing  to  water  "barrels  after  they  are  emptied, 

(3)  Food.  Approximately  l6  cq.  ft.  have  "been  provided  for  food 
"boxes  and  chests. 

(U)  Electrical  power  and  communications.  A  total  space  require¬ 
ment  of  approximately  30  sq.  ft.  has  been  arbitrarily  assumed  for  this  item. 

(5)  Recreational  area.  It  has  been  assumed  that  this  area  woTild 
be  provided  by  raising  the  suspended  bunks . 

Principal  consideration  was  given  to  three  types  of  cross  sections. 
These  may  be  generally  described  as  follows: 

!IVpe  I  —  Arched  type  structures 

H  —  Corrugated  metal  pipe  arch 
Type  III  —  Flat  roof  and  vertlceil  sides 

Figure  5*5  shows  the  three  general  types  of  structures  with  bunk 
locations  for  each  type.  Table  3*5  indicates  the  area  provided  by  each  of 
these  structural  types.  Various  adaptations  of  !iype  I  received  considerable 
attention.  The  most  promising  of  these  were  further  subdivided  as  follows: 

lype  I-A  —  Steel  ribs  consisting  of  inverted  structural  tees 
Type  I-B  ~  Corrugated  metal  plate  arch 

Figure  3.4  shows  Type  I-A  In  some  detail.  Timbers  and  corrugated 
metal  plates  eire  shown  as  possible  wall  sheeting.  The  timbers  appear  to  be 
more  t>uit<s.uxe  because  they  iiuicrcnti^'  add  longitudinal  stiffness  to  the 
structure  to  support  the  end  bulkheads.  At  the  higher  overpressures  the 
edges  would  require  b^^veling  in  order  to  augment  the  strength  of  the  arch. 

Tj^pe  I-B  is  simi-lar  to  the  commercially  available  Multi -Plate  torch  manu¬ 
factured  by  Armco. 


3!|ype  IX  is  a  corrugated  metal  type  similar  to  Armco’s  Multi -Plate 
arch.  As  shown  in  Pig.  3.3>  a  clear  span  of  approximately  l4  ft.  5  in. 
vas  contemplated.  As  a  result  of  the  analysis  presented  in  Appendix  F  both 
OJype  I-B  and  lype  II  must  he  discarded  since  thicknesses  of  corrugated 
metal  currently  available  do  not  possess  sufficient  strength  to  withstand 
an  overpressure  of  100  psl.  Even  if  heavier  corrugated  sections  were  obtained 
they  probably  would  not  be  adequate  in  resisting  the  thrust  induced  by  the 
end  bulkheads. 

l^'pe  HI  lends  itself  to  several  adaptations.  One  of  the  most 
promising  possibilities  for  this  type  is  shown  in  Fig.  5*5 •  The  ceiling 
beams  and  the  columns  are  steel  I-beams.  Both  tiniber  and  corrugated  metal 
are  shown  as  possible  sheeting  materials.  A  girder  and  columns  may  be 
tised  along  the  longitudinal  centerline  to  reduce  the  size  of  the  roof  beams. 

3.2.3  Arch  Constmction.  The  major  disadvantage  of  any  arch 
construction  is  the  inherent  instability  of  the  arch  until  it  is  backfilled. 
This  condition  results  because  the  arch  depends  upon  the  backfill  to 
mobilize  its  strength.  For  this  reason  backfilling  is  a  critical  operation. 

Because  of  the  xinstable  condition  of  the  arch,  heavy  equipment 
cannot  be  operated  in  the  near  proximity  of  the  arch .  Thus  most  of  the 
backfilling  operation  must  be  accomplished  by  hand.  However,  because  of 
the  relatively  large  amount  of  manpower  available,  meeting  the  manual  back¬ 
fill  requirements  should  not  be  difficult.  In  order  to  secure  the  maxiinum 
benefit  of  arch  action,  backfill  should  be  hand  tamped  in  approximately 
6  in.  lifts  with  the  soil  at  optimum  moisture  content.  It  has  been  esti¬ 
mated  that  the  available  5I  men  should  be  able  to  place  this  backfill 
within  the  three  days  allotted. 
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The  major  advantage  of  the  arch  is  that  when  symmetrically  loaded 
it  has  a  con5p3re8sive  stress  only.  This  characteristic  of  the  arch  permits 
use  of  a  clear  span  and  simplified  connections  since  only  conpression  con¬ 
nections  are  involved. 

The  arch  mi^t  he  either  the  haorel  or  ribbed  type,  Since  cast- 
in-place  concrete  cannot  be  utilized  because  of  time  and  equipment  limitations, 
the  arches  must  be  fabricated  of  timber  or  precast  concrete  and/or  metal. 
All-timber  construction  is  not  feasible  because  of  the  large  proportions 
vhich  are  required  and  because  of  the  curved  members  required.  Thus,  the 
arch  cross  section  is  limited  to  a  consideration  of  a  barrel  arch  of  corru¬ 
gated  metal  or  a  ribbed  arch  with  metal  ribs  supporting  corrugated  metal, 
timber,  or  precast  concrete  elements.  Because  of  the  relati'.’ely  small 
stability  inherent  in  a  barrel  arch  of  corrugated  meta3 ,  especially  in  the 
construction  phase,  the  idbbed  arch  is  much  more  easily  fabricated  and 
backfilled.  Also  as  indicated  in  Appendix  F  corrugated  metal  arches  without 
stiffeners  are  limited  to  conditions  requiring  protection  from  relatively 
low  overpressure.  This  reason  alone  is  sufficient  to  eliminate  the  pipe 
or  barrel  arch  from  consideration.  However,  it  also  has  other  disadvantages; 
(l)  the  sections  of  a  barrel  arch  become  relatively  large;  aind,  consequently, 
they  are  unwieldy  to  handle  without  mechanical  equipment,  (2)  the  relatively 
large  nunber  of  bolts  required  in  a  corrugated  metal  barrel  arch  would 
require  too  much  time  to  place,  and  (3)  there  is  comparatively  little 
strength  transverse  to  the  corrugation. 

Because  of  the  desirability  of  limiting  the  weight  of  individual 
elements  for  the  single  personnel  shelter  to  be  fabricated  in  a  forward 
area,  the  timber  blocking  is  the  preferable  material  available  for  spannirig 
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■betveen  the  inverted  structxa:^!  tee  rihs  of  the  arch»  Corrugated  metal 
must  be  ruled  out  In  any  case  for  the  configuration  of  shelter  recommended 
herein  for  it  viU  not  provide  stiff icient  longitudinal  strength  to  resist 
the  reactions  from  the  end  bulkheads.  Since  as  illustrated  in  Appendix  H 
timber  blocking  will  resist  overpressures  on  the  surface  as  high  as  3OO  psi, 
it  would  aqppear  that  precast  concrete  blocks  to  span  between  the  ribs  of  the 
arch  need  be  considered  only  where  the  procurement  of  large  amounts  of  tim¬ 
ber  is  difficult.  Thus,  it  is  recommended  that  timber  blocking  be  used  to 
span  between  the  arch  ribs. 

.  ^,2,k  Beam  and  Girder  Construction.  This  type  of  structure  has 
two  major  advantages;  (l)  backfilling  caii  be  easily  accomplished  and  (2) 
the  structure  has  the  longitudinal  strength  to  transmit  end  bulkhead  loads 
to  the  opposite  end.  Since  the  members  of  such  a  structure  are  designed 
primarily  to  resist  the  shock  loads  in  flexure,  backfilling  is  not  critical 
and  heavy  equipment  generally  may  be  used  for  compaction. 

Also,  as  already  mentioned,  there  is  no  struct’oral  requirement 
for  large  clear  spans  for  the  type  of  constrirction  ccncidered  herein. 
Therefore,  by  using  interior  columns  and  longitudinal  girders  the  span  of 
the  roof  may  be  l/2  or  less  of  the  total  span  required.  Considerable 
savings  in  the  material  thus  may  be  obtained  by  reducing  the  clear  span 
of  the  roof. 

Preliminary  designs  indicated,  however,  that  even  when  two  interior 
columns  were  assumed  the  material  required  exceedea  tnan  needed  by  various 
types  of  arches.  The  flat  roof  beam  end  girder  construction  is  not  amenable 
to  easy  field  fabrication  as  the  connections  are  awkward  and  massive.  Fur¬ 
thermore,  interior  columns  necessitate  some  type  of  footing  within  the 
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shelter.  Con5>arative  designs  of  rihbed  arch  and  heam  and  girder  shelters 
indicated  that  considerably  more  material  was  required  for  the  steel  roof 
beams  than  for  the  arch  ribs.  The  material  required  for  the  interior 
colvonns  and  girders  were  a  confiletely  additional  requirement.  Thus  the 
arch  was  found  to  require  less  material  and  to  be  much  simpler  to  erect 
than  a  coogparable  rectangular  structure. 

Only  a  ccmposlte  structure  consisting  of  steel  colxmms  and  beams 
svqjportlng  timber,  corrugated  metal  or  precast  concrete  elements  was  con¬ 
sidered  in  the  qualitative  con5)arlson  of  weight  immediately  above.  Of 
coixrse  it  would  be  possible  to  construct  a  rectangular  structure,  of  the 
size  being  considered,  entirely  of  timber;  i.e.,  timber  columns  and  timber 
beams  and  stringers  supporting  timber  sheathing.  However,  for  the  over¬ 
pressures  which  must  be  considered,  the  dimensions  of  the  individual  timbers 
would  be  of  such  magnitude  that  dbtainli^  the  lumber  might  be  impossible. 

For  example,  if  stringers  of  7  ft.  span  were  spaced  2  ft.  on  centers,  the 
required  section  modulus  for  protection  against  an  overpressure  of  100  psi 
would  he  approximately  56O  in.  if  stress  grade  lumber  were  used,  and  the 
required  section  modulus  would  increase  linearly  with  the  overpressure. 

A  solid  timber  deck  of  7  ft.  span  to  resist  100  psi  would  he  approxi¬ 
mately  6  in.  thick  and  the  longitudinal  beam  along  the  center  of  the  struc¬ 
ture  sTipporting  this  solid  deck,  if  columns  7  ft.  on  centers  are  assumed, 
would  be  approximately  6  x  I9  in.  in  actual  cross  section.  Such  a  timber 
structure  couxu  uc  fabricated  but  piooabi^  not  within  uwu  days.  Also  it 
is  obvious  that  steel  columns,  beams,  and  girders  would  be  more  economical. 

3 *2.5  End  B^ilkheads.  Several  different  configurations  of  end 
bulkheads  were  considered.  Among  those  considered  were: 
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(1)  A  quadrant  of  a  hemisphere  using  inverted  structural  tees 
siqjporting  timber  blocks  to  form  the  hemisphere. 

(2)  A  heavy  wide  flange  cross-beam  spanning  betveen  the  ends  of 
the  sills.  This  cross-beam  woiild  cBxxy  the  lower  reaction  of  the  vertical, 
bulkhead  posts.  The  tqpper  reaction  of  the  vide  flange  posts  would  be 
carried  from  one  end  of  the  shelter  to  the  other  by  the  blocks  between  the 
arch  ribs. 

(5)  A  horizontal  or  neeorly  horizontal  steel  arch  fastened  to  the 
ends  of  the  sills.  The  lower  end  of  the  vertical  bulkhead  posts  would  be 
tied  to  the  arch  by  use  of  cables. 

(U)  A  system  of  dead  men  to  s\q)port  the  lower  end  of  the  vertical 
bulkhead  posts. 

(5)  A  prefabricated  truss  spanning  between  the  ends  of  the  sills. 
The  truss  serves  the  same  function  as  the  wide  flange  cross-beam  In  (2) 
above. 

Type  (1)  was  discarded  because  of  the  heavy  weight  of  a  bearing 
block  required  at  the  top  to  si^jport  the  radial  arch  ribs.  Similarly  (2) 
was  discarded  becavise  of  the  excessive  weight  of  the  cross-beam,  and  (4) 
was  considered  to  be  inappropriate  for  field  construction  by  inexperienced 
troops  and  to  require  excessive  mass  in  order  to  provide  the  dead  man 
resistance. 

A  con5)lete  design  was  prepared  for  the  horizontal  arch.  However 
it  .  that  to  facilitauc  the  erection  or  une  vertical  posts  it  was 

necessary  to  place  a  light  weight  cross-beam  in  order  to  support  the  verti¬ 
cal  posts  dvuring  the  erection  process.  It  also  was  determined  that  the 
details  necessary  to  accommodate  the  standard  cables  were  quite  expensive. 
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Of  all  the  iTpes  considered  the  light  weight  truss  proved  to  he  the  most 
suitable.  The  major  advantage  of  the  truss  is  that  it  is  a  complete  tinit 
said  may  he  placed  as  such.  It  furthermore  serves  as  a  tie  between  the  ends 
of  the  sills. 

3.2.6  Fowndations .  Because  the  use  of  cast-in-place  concrete 
was  precluded  hy  the  time  requirements,  the  design  of  the  foundations  pre¬ 
sented  some  difficult  problems.  However,  consideration  of  ease  of  field 
fabrication  and  keeping  weight  a  minimum  suggested  the  use  of  timber  for 
the  sills  svppoz^lng  the  shelter.  For  ease  of  handling  it  was  decided  to 
limit  the  length  of  the  individual  sections  of  the  sills  to  12  ft.  To 
reduce  differential  settlement  between  adjacent  ends  of  the  sill  sections, 
steel  channels  are  bolted  on  either  side  of  each  sill.  Th\is  the  timber 
forms  a  splice  for  the  channels  and  the  channels  form  a  splice  for  the 
timber. 

5*2.7  Entremceways  and  Utilities.  As  stated  previously  only  a 
vertical  personnel  entrance  structure  weis  given  primary  consideration  in 
this  report.  A  brief  discussion  of  the  problems  associated  with  other 
types  of  entrance  structures  is  given  in  Appendix  E. 

The  principeJ.  advantages  of  the  vertical  type  entrance  stinictxirc 
in  conqiarloon  with  the  walk-in  type  otructure  are  economies  of  materinls 
and  time  required  for  installation  and  an  increased  facility  in  the  installa¬ 
tion  of  the  lighter  weight  vertical  entrance  structures.  While  these  advan- 
Z'  real  it  must  be  ■  tod  "uo  that  t'  'c  tical  entrance  structure 

is  not  well  sxiited  to  the  passage  of  equipment  into  the  shelter  nor  for 
the  rapid  ingress  or  egress  of  personnel. 


There  are  tvo  posslhiiities  for  Joining  a  vertical  entrance  to  a 
shelter;  (l)  it  nay  he  connected  directly  to  the  shelter  itself,  or  (2)  it 
may  he  connected  to  an  intermediate  entranceway  that  is  connected  to  the 
shelter.  Either  of  these  alternatives  may  he  placed  at  the  end  of  the 
structure  or  at  the  side  of  the  structure.  In  the  shelter  under  considera¬ 
tion,  the  end  framing  entrance  was  the  more  desirable  for  the  following 
reasons : 

(1)  It  is  much  simpler  to  frame  Into  the  vertical  plane  surface 
of  the  end  h\ilkhead,  than  into  the  curved,  ribbed  arch  of  the  shelter 
itself. 

(2)  There  is  less  loss  of  interior  space  by  framing  into  the 
shorter  dimension  of  the  structure  than  into  the  longer  dimension. 

After  study  it  was  decided  not  to  frame  the  entranceway  directly 
into  the  end  of  the  shelter  but  to  use  an  intermediate  passageway  instead. 
The  intermediate  passageway  concept  offers  these  advantages:  (l)  simpler 
connection  achieved  by  separating  the  entranceway  from  the  shelter 
itself;  (2)  prevents  the  loads  that  are  applied  to  the  access  door  from 
being  transmitted  to  the  shelter,  by  having  a  rather  flexible  passageway; 
(5)  reduces  the  radiation  entering  the  shelter  through  the  passageway; 
and  (4)  passageway  may  be  used  for  other  purposes,  such  as  location  for 
decontamination  station  or  for  mechanical  equipment. 

The  entranceway  and  passageway  for  the  standard  structure 
.  ^ver  the  entire  pe...od  o-.  ^ae  desigi^  ^ae  shelter.  At  first  a 

simple  vertical  tube  including  both  rungs  and  a  firepole  leading  to  a 
short  length  of  horizontal  conduit,  which  in  turn  passed  through  the  end 
b'ulkhead  of  the  main  structure,  was  considered  adeqiiate.  The  verticeil 
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tute  and  horizontal  condxiit  were  proposed  to  he  fabricated  frcsn  standard 
corrxigated  steel  plate  vith  corrugations  of  depth  2  in.  plus  the  plate 
thickness.  Study  of  this  solution  led  to  the  finding  that  corrugated  steel 
plate  with  the  heavy  corrugations  required  for  flexural  strength  could  not 
be  formed  to  a  diameter  less  than  60  in.  without  using  special  dies  for 
forming.  Further  investigation  led  to  the  conclusion  that  the  required 
special  dies  did  not  exist,  and  to  fabricate  them,  while  maintaining  a 
reasonable  cost  for  the  end  item,  would  require  a  guaran"!  oed  sale  of 
several  thousand  tons  of  steel  in  the  smaller  diameter.  Also  it  was 
concluded  that  entranceways  fabricated  of  standard  corrugated  steel  with 
a  diameter  of  60  in.  did  not  possess  sufficient  strength  for  the  required 
design  overpressiire .  Further,  standard  presses  cannot  form  corrugated 
plate  from  steel  with  a  thickness  greater  than  1-gage. 

It  was  found  that  a  ccraplicatcd  transition  piece  was  required  to 
connect  the  circular  entranceway  to  an  elliptical  passageway  (The  elliptical 
shape  W81S  required  to  provide  some  reasonable  head  room  and  yet  euLlow  the 
passageway  to  fit  into  the  end  bulkhead  of  the  main  structure.)  both  of 
which  were  formed  from  corrugated  plate.  Furthermore,  a  mamifacturer 
of  corrugated  metal  structures  was  consvilted,  and  he  was  concerned  about 
the  stability  of  the  elliptical  section  required  for  the  passageway. 

These  considerations  suggested  the  use  of  a  rectangular  passage¬ 
way  foi-mcd  from  welded  frames  of  standatd  steel  eectlono  which  BUj[)ported 
timber  lagging  for  the  walls  and  steel  covers  for  the  roof.  Originally 
timber  was  specified  for  the  roof  of  the  passageway,  but  the  details 
required  for  fastening  the  timber  to  the  steel  frames  suggested  that 
simpler  construction  could  be  attained  by  using  individuals  steel  covers 
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over  each  panel.  This  form  for  the  passageway  obviated  the  necessity  of  a 
transition  section  since  the  entranceway  could  sit  immediately  on  top  of 
the  passageway  if  one  of  the  steel  covers  were  removed.  In  addition  this 
configuration  circumvented  the  question  of  stability  in  the  elliptical 
corrugated  steel  conduit. 

Further  consideration  of  the  form  selected  for  the  passageway 
indicated  that  am  extension  of  the  passageway  would  make  an  ideal  struc¬ 
ture  for  housing  of  decontamination  equipment  which  mus  ■■  be  near  the 
entranceway  as  well  as  isolated  from  the  main  stiaicturc  and  for  arrang¬ 
ing  the  ventilation  and  associated  equipment  since  the  ventilation  system 
lends  itself  ideally  to  an  in-line  series.  In  a  more  sophisticated 
ventilation  system,  the  intake  structure  precedes  a  fan  which  can  be 
followed  in  turn  by  a  CBR  unit,  an  oxygen  generator,  possibly  an  air 
conditioning  \init,  emd  a  discharge  line  into  the  main  structure.  Fvirther- 
more,  operation  of  various  equipment  including  the  ventilation  wcruld 
require  a  self  contained  power  source,  probably  an  engine-generator  set. 

An  internal  combustion  engine  must  be  removed  from  the  structure  to 
eliminate  its  leLrge  heat  load,  to  prevent  carbon  monoxide  from  contaminating 
the  stmicture,  and  to  mitigate  the  problem  of  fire.  Thus,  it  seemed 
desirable  to  extend  the  passageway  to  house  these  various  items  of  equip¬ 
ment  should  they  be  included  in  the  shelter. 

Since  the  passageway  must  have  a  steel  frame  at  either  end 
vnixe  the  extension  of  the  passageway  needs  a  sbeel  frame  only  at  one 
end,  two  kits  were  selected,  one  the  passageway  containing  five  steel 
frames  and  the  other  the  utility  structure  containing  four  steel  frames. 
Since  only  the  passageway  is  absolutely  required,  while  utility  structures 
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are  optionaQ.  items,  the  end  huDchead  for  the  passageway  and  utility  struc¬ 
tures  was  supplied  as  part  of  the  passageway  kit.  Thus,  if  one  or  more 
utility  structures  are  added  at  the  end  of  the  passageway,  the  end  ■b\ilk- 
head  is  placed  to  cover  the  extreme  end  of  the  grovp  of  structures. 

Finally  it  should  he  noted  that  the  passageway  (and  utility  struc¬ 
tures)  was  designed  to  have  a  clear  height  of  six  feet.  This  resulted  in 
very  heavy  members  being  required  for  the  steel  frames.  Yet  it  bec6Lme 
apparent  that  once  the  personnel  were  in  the  structure  then  was  no  need 
to  maintain  the  vertical  clearance  in  the  passageway;  in  addition  it 
appeared  likely  that  all  equipment  in  the  passageway  or  utility  structure 
covild  be  arranged  to  fit  in  a  space  with  only  half  of  the  six-foot  clear 
height.  Therefore,  the  steel  frames  in  the  passageway  were  redesigned 
assuming  that  a  cocpression  strut  could  be  placed  between  the  vertical 
members  at  mid-height.  In  the  passageway  these  struts  would  be  installed 
only  during  periods  of  alert  so  that  the  restricted  head  room  would  exist 
only  at  such  times.  In  the  utility  structures  housing  equipment,  these 
struts  would  be  placed  during  construction  and  left  constantly  in 
position. 

The  general  philosophy  underlying  the  design  of  the  ventilation 
structures  has  already  been  summsirized  in  Section  5.1.6.  Therefore,  it 
seems  necessary  here  only  to  conment  on  the  basis  for  selection  of  the 
two  configurations  suggested  in  the  detailed  plans.  As  mentioned 
already  with  regard  to  the  entranceway,  it  was  found  that  standard 
corrugated  steel  plate  with  corrugations  of  approximately  2  in.  aBg)litude 
cannot  be  formed  economically  to  a  diameter  less  than  60  in.  Since 
cast-in-place  concrete  was  not  acceptable  for  the  design  requirements. 
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and  since  reinforced-concrete  pipe  seemed  too  heavy  for  this  psorticnlar  use, 
it  was  decided  that  conventional  corrugated  steel  pipe  (with  corrugations 
with  amplitude  of  l/2  in.  plus  the  plate  thickness)  would  he  the  most 
economical  section.  Because  of  the  potentially  large  flexural  response 
induced  near  the  surface  of  the  ground,  however,  it  was  determined  that 
standard  corrugated  pipe  of  the  greatest  available  thickness  could  not 
be  used  for  diameters  greater  than  12  in.  At  this  point  it  seemed  most 
economical  to  use  a  standard  corrugated  steel  pipe  for  all  ventilation  tubes, 
and  to  place  an  annulus  of  concrete  around  the  top  of  these  tubes.  This 
concrete  serves  two  pxirposes:  (l)  stiffening  the  steel  pipe  near  the 
surface  for  flexural  loading  and  (2)  providing  a  positive  support  for  the 
blast  valve  which  normally  would  be  mounted  over  the  opening.  Use  of  this 
cast-in-place  concrete  conpromises  slightly  the  hardness  of  the  structure 
until  the  concrete  sets  sufficiently,  but  this  is  relatively  insignificant. 

The  door  or  closure  must  be  provided  with  a  manual  lock  to  pre¬ 
vent  it  from  being  drawn  open  during  the  negative  phase.  Furthermore  the 
entire  door  assembly  must  be  so  supported  as  to  prevent  the  vertical  pipe 
from  being  crushed  longitudinally  dirring  the  positive  phase  or  from  the 
whole  assembly  being  dislocated  during  the  negative  phase. 

The  proposed  hatch  assembly  is  so  designed  that  the  positive 
phase  forces  are  carried  to  the  horizontal  entrance  struct\ire  or  passage¬ 
way  by  means  of  four  pipe  columns.  Threaded  rods  through  the  pipe 
cuiumns  pre.cao  ohe  natch  assembly  from  beiuti  displaceu  wj.ui  respect  to 
the  remainder  of  the  entrance  structure. 


TABLE  3»1  AMOUHTS  OF  GASES  REQUIRED  OR  LIBERATED  AM) 
AMOUNTS  OP  HEAT  GENERATED  BY  HUMANS 


Quantity 

Amount  Required 
or  Generated  Per 
Person  (Ref.  3*^)* 

Amount  Reqtiired 
or  Generated  Per 
Person(Ref.  3*5)^ 

ft^/hr 

BTU/hr 

ft^/hr 

BTU/hr 

Oxygen  (Og) 

0.85 

— 

0.58 

— 

Carbon  Dioxide  (CO2) 

0.70 

— 

0.48 

Water  Vapor  (HgO) 

0.003 

— 

0.002 

— 

Latent  Heat  in 

Water  Vapor 

175 

— 

120 

Enthalpy 

— 

225 

— 

150 

♦Although  no  criterion  is  given  it  appears  from  Ref.  5.5  that 
these  requirements  are  based  on  a  3OOC  calorie/day  diet. 

"^Based  upon  a  2000  calorie/day  diet. — Only  the  oxygen  demand  is 
given  in  the  reference;  all  other  quantities  confuted  by  direct 
proportion  vhlch  should  be  valid  since  gases  and  heat  generated 
depend  iq>on  metabolism  which  in  turn  depends  upon  Og  intake. 
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TABLE  3*2  VOLUME  OF  AIR  REQUIRED  TO  PROVIDE  MINIMUM 
HABITABILITr  FOR  51  MAN  SHELTER  ALLOWINO  A 
20  PER  CERT  INCREASE  FOR  EQUIPMEHT* 


Quantity 

Volume  of  Air 
Reqtiired 

Required  Interval 
for  Coaplete  Air  Change 

ft^^r 

hr. 

O2 

.510 

9.4 

COg 

980 

4.9 

HgO 

Nil 

___ 

Latent  Heat  in  HgO 

Nil 

— 

Enthalpy 

26,400 

0.2 

*As8Uiq>tions : 

(1)  2000  calorles/day  diet 

(2)  ©2  level  may  not  drop  belov  14^ 

(3)  COg  level  may  not  exceed  35fc  (Loss  of  vitality  can  be 
expected) 

(4)  Mean  daily  dry  bulb  temperature  for  incoming  air  =  75°F 
Mean  dally  wet  bulb  temperature  for  incoming  air  =  68^ 

(5)  Maximum  interior  dry  bulb  =  90’^~) 


Maximum  interior  wet  bulb  =  90°F  j 


This  corresponds  to 


a  Confort  Index  =  0.4  (Dry  Bulb  +  Wet  Bulb)  +  15  =  86 
at  which  value  body  temperature  will  rise.  However,  since 
the  HgO  removal  is  nil  compeired  to  the  COg  removal  required, 
the  Comfort  Index  has  not  been  included  in  the  above  tabu¬ 
lation.  The  significance  of  the  assumed  interior  dry  bvilb 
reading,  therefore,  is  in  the  confutation  of  the  volume  of 
air  required  to  remove  the  heat  corresponding  to  enthalpy. 


(6)  In  confuting  the  air  required  to  prevent  an  unbearable 

tenperature  increase  within  the  shelter,  it  was  assumed  that 
no  heat  is  lost  by  conduction  into  the  surrounding  soil. 


TABIiE  3.3  COMPARATIVE  VALUES  FOR  MIKIMUM  SHELTER  FOR  51  MEN 


Type 

Rise 

ft. 

Width 

ft. 

Total  Area 
Sq.  ft. 

Sq.  ft/man 

I-A  (Rlbl)ed  Arch) 

8‘-0" 

16 ’-0” 

688 

13.5 

I-B  (Corrugated  Arch) 

8'-0" 

16 *-0” 

688 

13.5 

II  (Pipe  Arch) 

8‘-ll” 

14 '-5" 

613 

12 

in  (Flat  Roof) 

7* -6" 

13 '-0" 

559 
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F!G.  3.2  VERTICAL  SECTION  THROUGH  BUNKS 


Type  n  -  Pipe  Arch 

I 


SYM. 


Type  m  -  Flat  Roof 

FIG.  3.3  TYPES  OF  CROSS-SECTIOr^S 


Detail  Of  Quarter- Circle  Rib  Ends 


Holf-Sprtion  With  Half •- Section  With 

Corrugated  Plates  Timber  Blocks 


FIG.  3.4  TYPE  I-A  CF^OSS- SECTION 


I 


Half"Section  With  Half- Section  With 

Corrugated  Plates  Timber  Blocks 


FIG.  3.5  TYPE  HI  CROSS-SECTION 
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4.  DESIGN  PARAMETERS 

The  architectural  factors  discussed  in  the  preceding  chapter  pro¬ 
vide  the  means  of  specifying  the  type  and  size  of  structure  which  is 
suited  to  a  particular  design  situation.  With  the  structural  type  and 
size  specified  it  becomes  necessary  to  determine  the  loads  acting  on  these 
struct\iral  types  and  the  resistance  developed  by  them  before  proceeding 
with  the  design.  The  precise  loading  euid  resistance  developed  in  a  parti¬ 
cular  attack  situation  generally  are  complex;  those  developed  in  a  general 
attack  situation  evade  definition  cong>letely.  However^  even  in  this 
general  case,  certain  conventionalizations  may  be  made  and  these  conven¬ 
tionalized  loads  and  resistances  can  be  specified  with  relative  ease  and 
with  confidence.  Since  in  the  design  problem  the  attack  situation  only  can 
be  ass\imed,  there  is  no  reasonable  Justification  for  using  loads  and  resis¬ 
tances  which  are  more  complex  than  the  conventionalized  ones.  Furthermore, 
these  conventionalizations  have  a  rational  basis,  they  provide  relative 
simplicity  in  auialysis,  and  they  appear  neither  unsafe  nor  overly  conserva¬ 
tive  when  coapared  to  actual  weapon  test  experience. 

In  the  sections  which  follow  the  conventionalized  loading  f\mc- 
tions  are  discussed  first.  Since  resistance  functions  in  general  depend 
upon  the  materiail  properties  these  properties  are  discussed  next  in  a 
separate  section.  FinsJJ-y,  the  conventionalized  resistance  functions  are 
■ --bribed. 


4.1  CONVEHnONALnED  LOADIHG  FUNCTIONS 

4.1.1  General  Considerations.  Burled  construction  may  be  accom¬ 
plished  by  basically  two  methods:  (1)  by  locating  the  structxire  on  the 
original  ground  surface  and  by  covering  it  with  e.xtensive  earth  fill;  and 
(2)  by  locating  the  structure  below  the  original  ground  surface  by  cut- 
and-cover  means  or  by  tuimeling.  By  either  method  criteria  to  define 
conqplete  burial  must  be  established.  Ccnplete  burial  in  this  report  is 
defined  as  that  condition  under  which  the  net  forces  acting  on  the  struc¬ 
ture  are  primarily  symmetrical.  Thus,  depths  of  burial  and  extent  of  earch 
cover  must  be  such  that  anti -syiane trie  loads  reaching  the  stinicture  are 
negligible  or  that  sufficient  eem*th  is  provided  to  develop  passive  pressures 
of  such  magnitude  to  prevent  an  anti -symmetrical  deformation  of  the  over-all 
structure.  For  a  svirface  structure  covered  by  an  earth  mound  the  mound 
must  be  proportioned  first  to  accomplish  streamlining  to  reduce  reflections 
and  drag  and  second  to  divert  these  anti -symmetric  loads  into  the  original 
ground  away  fresn  the  structure.  For  a  structure  located  entirely  below 
the  original  ground  siirfeice  the  depth  of  burial  must  be  sufficient  at  least 
to  develop  the  necessary  passive  pressures. 

Although  there  is  no  direct  rational  method  of  confutation  avail¬ 
able  as  yet,  it  appears  the  conditions  specified  in  Ref.  (4.1)  reasonably 
establish  the  criteria  for  complete  burial  discussed  above.  For  convenience 
these  criteria  are  enumerated  here.  As  shown  in  Fig.  4.1,  an  earth-mounded 
sxu..ace  structure  must  be  covered  so  that  the  average  depth  of  cover  over 
the  roof  is  at  least  eq\ial  to  one-fourth  of  the  least  span;  so  that,  under 
conditions  of  minimum  cover,  the  faces  of  the  earth  mound  are  no  steeper 
than  4  horizontally  to  1  vertically  and  so  that  the  distance  from  the  toe 
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of  slope  (the  intersection  of  the  slope  with  the  original  grotind)  to  the 
nearest  point  on  the  structure  is  at  least  four  times  the  height  of  the 
moxmd.  Region  A  in  Fig.  U.l  is  specified  to  allow  for  greater  depths  of 
cover  over  the  roof  when  radiation  protection  or  terrain  conditions  require 
it.  A  structxire  located  below  the  original  groxind  sxxrface  is  completely 
buried  if  the  average  depth  of  cover  is  at  least  equal  to  one-quarter  of 
the  least  span.  An  exception  to  the  latter  specification  would  be  a  flat 
roof  structure  in  which  case  the  top  svurface  of  the  roof  may  be  made  to 
coincide  with  the  original  ground  surface.  These  requirements  of  complete 
burial  conpider  only  the  structural  integrity.  In  some  instances  require¬ 
ments  for  radiation  protection  may  specify  larger  amounts  of  earth  around 
the  stmicture. 

These  larger  amounts  of  earth  which  might  be  required  for  radia¬ 
tion  protection  generally  will  not  be  sufficient  to  develop  an  amount  of 
arching  within  the  soil  above  emd  adjacent  to  the  structure  to  reduce 
significantly  the  forces  acting  on  the  structural  elements.  On  the  other 
hand  it  may  be  economical  in  some  instances  to  provide  sufficient  depths 
of  burial  to  develop  this  phenomenen  and  to  develop  significant  attenuation 
of  vertical  stress  in  the  soil.  This  would  be  justified  where  the  cost  of 
structural  materials  saved  would  offset  the  additional  cost  of  excavation. 
However,  arching  largely  depends  upon  the  deformation  characteristics  of 
the  structure.  Tnese  characteristics  are  not  known  specifically  until 
the  structure  is  proportioned.  As  a  result,  consideratio:'-  of  these 
effects  fall  more  logically  into  analysis  of  the  structure  proportioned 
in  the  preliminary  design.  This  subject  is  considered  in  the  following 
chapter.  Before  leaving  this  subject,  however,  it  should  he  noted  that 


arching  and  attenuation  Influence  mainly  the  intensity  of  the  peak  pressure; 
they  do  not  change  significantly  the  basic  shape  of  the  forcing  function. 

In  the  preceding  discussion  the  attenuation  of  vertical  stress  in 
the  soil  mass  vas  mentioned.  Attenuation  must  occur  as  a  result  of  the 
dispersion  of  the  stress  in  the  soil  mass.  In  this  report  the  attenuation 
phenomenon  has  been  considered  in  combination  with  the  foundation  motion  in 
an  attempt  to  define  the  net  force  acting  on  the  top  of  a  buried  structure. 
The  development  of  this  net  force  is  discussed  in  Appendix  F.  As  noted  in 
this  appendix  the  effects  of  attenuation  of  stress  with  depth  and  footing 
motion  are  insignificant  for  weapons  in  approximately  the  megaton  range. 
Therefore,  these  attenuation  and  footing-motion  effects  may  be  neglected 
unless  the  depth  of  burial  becomes  large.  Since  large  depths  of  burial 
generally  are  incocpatlble  with  the  type  of  construction  einphasized  herein, 
the  attenuation  and  footing-motion  effects  for  these  types  therefore  may  be 
neglected. 


Since  protective  construction  perforce  utilizes  ultimate  strength 
concepts  in  design,  consideration  of  the  factor  of  safety  is  important  in 
specifying  the  forces  acting  on  the  structure.  Yet,  the  factor  of  safety 
is  a  rather  elusive  quantity  insofar  as  the  shock  loading  is  concerned. 


A  protective  structure  must  resist  the  dead  leads  acting  in  combination 
with  the  shock  loads.  The  dead  loads,  of  course,  can  be  accurately  deter¬ 


mined,  but  the  shock  loads  nnast  be  determined  in  a  manner  which  approaches 
conjecture.  The  designer  first  must  infer  the  size  of  weapon  he  must 
protect  against.  Secondly,  he  must  infer  the  probable  point  of  detonation 
of  this  weapon.  From  these  inferences  the  most  probable  o\’erpress\are 


level  and  shape  of  the  forcing  fxmetion  may  be  readily  determined  for  the 
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particular  structure  under  consideration.  These  necessary  assumptions 
for  determining  the  forcing  fxmctlon  can  he  obtained  logicaULy  by  consider¬ 
ing  the  enemy  has  the  saske  weapon  delivery  capability,  and  his  intelligence 
is  8\ifficlent  to  know  as  much  about  the  target  area,  as  the  designer. 

These  considerations  allow  the  determination  of  a  circxxlar  probable  error 
(cep)  and  a  vulnerability  radius  from  which  the  overpressure  and  radia¬ 
tion  levels  for  design  may  be  obtained.  As  a  result  the  designer  chooses 
a  factor  of  safety  when  he  chooses  the  degree  of  hardening  required  for 
his  structure.  Having  chosen  the  degree  of  hardening  required  the 
duslgner  should  proportion  the  structure  to  resist  the  maxlnum  shock 
and  dead  loads  iqjplled  simulteineously  with  no  additional  factor  of 
safety. 

This  discussion  suggests  auaother  factor  which  might  be  con¬ 
sidered  by  the  designer,  that  of  dispersal  versus  increased  hardening. 

For  the  same  probability  of  survival,  dvpllcatlon  of  units  may  prove  more 
economical  than  a  single  unit  which  necessarily  must  be  designed  to  resis- 
much  larger  forces.  From  a  consideration  of  structural  integrity  alone 
however,  construction  of  two  dvq)licate  rectangular  structures  instead  of 
one  becomes  economical  only  when  the  design  overpressure  for  two  struc¬ 
tures  Is  approximately  one-quarter  the  design  overpressure  for  a  single 
structure.  Similarly,  duplication  of  two  arched  structures  becomes 
economical  only  when  the  design  overpressure  for  two  arches  is  approxi¬ 
mately  one-half  the  design  overpressure  for  a  single  arch.  This  results 
from  the  fact  that  the  depth  of  indivldml  members  varies  generaU.y  as 


the  square  root  of  the  applied  force  In  flexural  members  and  directly  as 
the  applied  force  In  conpresalon  members. 
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h,1.2  Cocpletely  Burled  Rectangular  Structures.  Rectangular 
structures  vlll  consist  of  a  horizontal  roof  vith  vertical  walls.  Thus, 
the  forcing  runction  for  both  the  horizontal  and  vertical  members  must 
he  defined. 

For  nuclear  weapons  the  force  acting  on  the  roof  is  the  same  as 
that  acting  on  the  floor  if  the  floor  is  the  only  foundation  provided.  This 
force-time  loading  will  be  triangular  in  shape,  and  may  be  considered  to 
rise  instantaneously  to  its  maximum  value  followed  by  a  linear  decay  back 
to  zero.  The  maxlaium  value  of  the  force  may  be  considered  to  be  the  side-on 
overpressvire  acting  on  the  sxurface  immediately  above  the  roof.  The  effec¬ 
tive  dviratlon  of  the  force  xisually  woixld  he  less  than  the  positive  phase 
duration  of  the  overpressvure,  and  it  would  be  defined  on  the  basis  of  the 
shape  of  the  overpressure  curve.  This  duration  would  he  such  that  the  area 
under  the  actual  curve  and  of  the  replacement  curve  would  be  ident.  ;al  up 
to  the  time  of  maximum  response  of  the  member  being  considered. 

The  walls  also  will  be  subjected  to  a  force-time  loading  which 
is  triangular  in  shape.  The  effective  duration  of  this  triangle  will  he 
determined  in  the  same  manner  as  for  the  roof.  However,  the  peak  value 
of  the  force  depends  xjpon  the  type  of  soil  surrounding  the  structure,  and 
it  eqxials  K  times  the  peak  force  acting  on  the  roof  Ref.  (l.2). 

K  =  0.25  all  cohesionless  soils,  damp  or  dry 
K  =  0.50  for  cohesive  soils,  not  saturated 
K  =  0.75  for  cohesive  soils  of  soft  consistency 
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K  »  l.CO  for  1^1-1  satoorated  soils  where  the  water  table  is  less 
than  2  ft.  from  the  siirface.  Where  the  water  table  is  more 
than  20  ft.  below  the  surface  use  K  for  the  unsaturated 
condition  and  Intexpolate  linearly  to  find  K  for  intermediate 
positions  of  the  water  table. 

1^.1.3  Coppletely  Buried  Arches.  Since  in  a  coo5>letely  bviried 
arch  the  antlsymmetrlcal  deformation  is  prevented,  only  a  symmetrically 
applied  force  is  effective  in  producing  deformation.  This  force-time  load¬ 
ing  consists  of  a  triemgle  with  a  peak  value  and  an  effective  duration  the 
same  as  has  been  discussed  for  the  roof  or  floor  of  a  rectangular  structure. 
However,  this  force  differs  from  that  on  a  rectangular  structure  in  that 
the  rise  time  t^  may  be  relatively  long.  This  rise  or  application  time 
results  from  the  x>assage  of  the  shock  through  the  earth  to  the  structure. 
From  semi -empirical  relationships  it  heis  been  found  that  the  rise  time  is 
at  least  equal  to  one-half  of  the  transit  time  for  the  wave  to  pass  from 
the  ground  surface  to  the  arch  or 
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(4.1) 


where  t  =  rise  time,  sec. 
r  ■' 

h  average  depth  of  cover  over  arch,  ft. 
ave  — CT  .c-  7 

c^^  =  seismic  velocity,  fps 

For  the  case  where  the  load  acts  transverse  to  the  axis  of  tho  arch  the 
rise  tine  will  be  increased  above  that  given  above  by  the  transit  time 
required  for  the  shock  to  engulf  the  structure.  However,  since  the  point 
of  detonation  is  unknown  this  increased  time  cannot  be  counted  upon. 

1.2  MATERIAL  PROPERTIES 

Because  protective  construction  requires  the  application  of  ulti¬ 
mate  strength  concepts  which  is  a  subject  not  generally  covered  in  most 
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current  ^eclf Icationa ,  it  is  desiraJsle  to  point  out  the  differences  vhich 
occur  for  protective  desioi.  Since  different  materials  hehave  differently 
under  dynamic  loads,  and  in  fact  differently  under  static  loads  in  some 
cases,  the  properties  of  basic  materials  are  discussed  under  separate 
headings. 

If. 2.1  Metals .  Under  rapidly  applied  loads  metals  in  general 
develop  a  yield  strength  vhich  is  higher  than  the  similar  strength  developed 
under  statically  applied  loads.  The  amount  of  the  increase  depends  upon 
the  strain  rate  induced  in  the  material.  For  the  strain  rates  likely  for 
materials  subjected  to  the  effects  of  nuclear  weapons  an  increase  in  yield 
strength  25  percent  above  the  normally  specified  value  would  be  reasonable 
for  design  pvirposes.  However,  since  some  materials  may  be  relatively 
brittle  the  dynamic  yield  strength  never  shoitld  be  assumed  greater  than 
90  percent  of  the  \iltimate  tensile  strength.  One  related  phenomenon  also 
should  be  mentioned.  This  phenomenon  is  characteristic  of  metals,  such 
as  ASIN-A7  steel,  which  posseoc  a  flat  yield  region.  'Diene  inetuln 
develop  an  Increased  yield  strength,  and  at  the  same  time  they  may  retain 
this  elevated  strength  without  plastic  deformation  for  a  measurable 
eimount  of  time;  a  chaxacteristlc  referred  to  commonly  as  time-delay  of 
yield.  A  time-delay  of  yield,  if  it  develops,  provides  an  increased  bonus 
for  dynamic  loads  since  the  forcing  function  may  decay  sufficiently  during 
the  time  delay  that  the  metal  will  never  yield.  From  the  standpoint  of 
design  this  bonus  is  very  desirable  although  it  should  not  be  counted  upon. 

The  above  discussion  gives  a  means  of  specifying  the  yield 
strength  for  use  in  the  fcrmulae  of  current  specifications.  For  strength 
governed  by  shear  60  percent  of  the  dynamic  yield  strength  in  tension 
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should  he  used.  For  strength  governed  hy  huchling  considerations,  the 
design  stress  used  must  not  exceed  the  yield  strength  if  an  arch  is  com¬ 
pletely  hurled.  If  a  semi-circular  barrel  aa*ch  with  hinged  supports  is 
conpletely  exposed  the  maximum  side-on  overpressure  as  limited  hy  buckling 
considerations  is 


cr 


(U.2) 


where  p  «  maximum  overpressure  specified  hy  buckling 
oz* 

E  «  modulus  of  elasticity 

I  ■  moment  of  inertia  per  unit  width  of.  the  arch 

r'  «=  mean  radius  of  arch. 

On  the  basis  of  ec?>irical  results  buckling  may  be  neglected  for  the  com¬ 
pletely  buried  arch. 

In  addition  to  allowable  stresses  a  shape  factor  F  may  be  applied 
to  flexural  members  of  metal.  This  shape  factor  depends  upon  the  configura¬ 
tion  of  the  cross-section.  It  may  be  determined  by  evaluating  the  mcment 
resistance  developed  by  assviming  a  uniform  stress  block  exists  above  and 
below  the  neutral  axis  of  the  section  as  con^iared  to  the  moment  resistance 
corresponding  to  the  conventional  linear  distribution  of  stress.  For 
rectanguleu*  cross-sections  F  =  1.5  while  for  wide  fleuige  and  standard 
beams  F  varies  frcci  approximately  1.05  to  1.2.  Thus,  for  wide  flange  and 
standard  beams  F  maj"  be  taken  at  an  average  value  such  as  1.1.  In  general 
yield  moment  developed  in  flexure  is 

f  I 


M  =  F 

y  c 


=  the  effective  yield  moment  used  in  the  elasto -plastic 
*  replacement  of  the  actual  resistance  fijnction. 


where 


Finally  the  designer  may  encounter  some  cases  where  a  metal  meniber 


is  subjected  simultaneously  to  au  axial  load  and  a  m-c^ent.  The  ultimate 


resistance  under  such  a  condition  may  he  determined  from  an  interaction  dia¬ 


gram.  Such  a  diagram  must  he  developed  for  the  particular  section  being 


considered.  This  development  may  be  acccagjlished  by  assianing  successive  posi¬ 


tions  of  the  neutral  axis  and  finding  the  axial  force  and  moment  combination 


which  corresponds  to  each  assumed  poaition  of  the  neutral  axis. 


4.2.2  Timber.  Timber  behaves  rather  unusually  under  instan¬ 


taneously  applied  loads  in  that  it  ^velpps  a  strength  two  or  more  times 


the  usual  static  strength  under  such  loads  even  if  the  load  duration  is  one 


or  two  seconds.  At  the  other  extreme  of  loading  timber  has  a  reduced  strength 


under  long  continued  load  of  constant  magnitude.  The  allowable  stresses 


specified  for  the  design  of  timber  under  conventional  loads  are  reduced  to 


account  for  the  long  continued  load  effect;  however,  no  allowance  ts  made 


in  the  conventioneLLLy  specified  stresses  for  the  dynamic  effect.  To  obtain 


the  design  strengths  conparable  to  all  of  the  controlling  stresses  given 


in  current  timber  specifications  the  allowable  stresses  may  be  multiplied 


by  four  if  the  timber  specified  is  of  stress-grade.  If  the  timber  speci¬ 


fied  is  not  of  stress-grade  the  allowable  stresses  given  in  current 


timber  specifications  may  be  multiplied  bj  two  to  determine  the  design 


strengths  for  shock  loads. 


Because  timber  is  a  relatively  brittle  material  it  must  be  propor¬ 


tioned  for  nearly  elastic  behavior  \inder  the  dynamic  loads.  Also  because 


of  its  brittle  nature  the  redistribution  of  stress  implied  by  the  form 


ractor  in  the  preceding  section  cannot  occur.  Therefore,  flexural  behavior 


is  governed  by  the  conventional  formulae  without  modification  except  for 
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the  increased  allovahle  stresses.  For  the  same  reason,  timber  members  s\ib- 
Jected  simultaneously  to  axial  force  and  moment  should  he  designed  in  accor¬ 
dance  with  the  following  equation; 


where  f  *»  actual  stress  Induced  hy  axial  force 
a 

f.  «  actueJL  stress  induced  hy  moment 
D 

F  ■  allowahle  stress  for  axial  force  alone 

a 

F,  ■  allowahle  stress  for  moment  alone 
0 

4.2.3  Precast  Reinforced  Concrete.  Because  the  emphasis  of  this 
report  is  placed  vipon  the  analysis  and  design  of  a  shelter  which  might  he 
fabricated  in  the  field  by  an  engineer  platoon  with  their  normal  component 
of  equipment,  the  \ise  of  reinforced  concrete  is  restricted  to  precast  ele¬ 
ments  of  veiy  limited  weight.  At  most  such  elements  could  he  no  larger 
than  would  he  required  to  span  short  disteinces  between  ribs  of  an  arch  or 
between  beams  of  a  rectangular  structure.  Tliun,  these  members  would  be 
restricted  in  their  behavior  to  act  as  beams  and  probably  only  as  simply- 
supported  beams.  Consequently,  only  simply-supported  precast  relnforced- 
concrete  beams  are  considered  in  the  following  discussion. 

The  resistance  developed  by  the  beaLis  under  consideration  would 
be  controlled  by  one  of  five  possible  modes  of  failure.  These  mod.es  are: 
flexure,  diagonal  tension,  shear-ccxnpression,  pure  shear,  and  bond.  An 
amount  oi  web  reinforcement  can  be  nrovided  which  is  sufficient  to  pre¬ 
clude  diagonal  tension  and  shear-compression  failure  and  in  the  following 
discussion  this  procedure  has  been  assumed.  However,  to  delineate  between 
the  case  where  web  reinforcement  is  not  required  and  the  case  where  such 
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reinforeemfint  is  required  the  diagonal  tension  resistance  is  specified,  hut  it 
is  used  only  for  this  purpose  and  it  is  not  to  he  used  in  the  determination 
of  resistance.  The  significance  of  .the  diagonal  tension  resistance  is  shovn 
in  Pig.  1^.2.  For  resistances  less  than  those  corresponding  to  Point  ’A’  in 
the  figure  flexural  behavior  is  assured.  For  resistances  larger  than  those 
corresponding  to  Point  'A*  weh  reinforcement  may  he  required.  It  is  only 
required  if  q>^  in  Eq.  (^.7)  is  a  positive  value. 

The  flexural  resistance  may  he  specified  in  terms  of  the  width  of 
the  meinber  h,  the  percent  of  longitudinal  tension  reinforcement  (p  which 
should  not  he  less  than  0.25  nor  more  than  I.5  percent,  the  dynamic  yield 
sti'jngth  of  the  steel  f  ,  and  the  depth  d  to  span  L  ratio  as 

fi  2 

r^  =  0.0716  qf^h  (|)  (1;.5) 

Weh  reinforcement  may  need  to  he  supplied  if  the  required  resistance  as 
indicated  in  Fig.  4.2  exceeds 

^  (4.6) 

where  f^  =  standard  cylinder  strength  of  concrete  in  psi 
The  amount  of  veh  reinforcement  cp^  required  if  the  resistance  needed  exceeds 
may  he  specified  as  helow  where  C  is  the  ratio  of  the  percentage  of 
longitudinal  compression  reinforcement  to  the  longitudinal  tensile  reinforce¬ 
ment  and  is  the  yield  strength  of  the  weh  reinforcement. 

<P,  -  S'.  (2 . 0  i  f ^  (4.7) 

V  I  c  V 
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The  parameter  C  is  determined  by  the  amount  of  reinforcement  required  to 
resist  the  elastic  rebound  of  the  beam.  Even  neglecting  the  possibility 
of  rebound  it  is  desirable  to  use  at  least  a  ncaninal  suaount  of  conpression 
reinforcement  since  it  increases  the  ductility  of  the  menber.  Generally  for 
long  duration  loading  rebound  resistance  requires  a  resistance  which  is  on 
the  order  of  one-fourth  the  principal  resistance  of  the  beam.  Web  reinforce¬ 
ment,  where  required,  must  consist  of  vertical  stirrups  because  of  the 
rebound  problem.  Also  when  web  reinforcement  is  required,  no  less  than 
0.5  percent  should  be  used. 

The  resistance  to  pure  shear  is  defined  by 


r  «  7  f*b  (^) 
sp  3  c  'L 


(i^.8) 


Bond  failure  is  prevented  if  deformed  bars  are  xised  which  have  a 
size  such  that  twice  the  allowable  bond  stroocco  given  in  the  ACI  Building 
Code,  Ref.  (U.2),  are  not  exceeded. 


4.5  CONVENTIONALIZED  RESISTANCE  JUNCTIONS 

The  ultimate  resistance  of  any  member  may  be  characterized  rea¬ 
sonably  as  being  bilinearly  elaato-plastic .  Therefore,  the  entire  resis¬ 
tance  can  be  defined  by  specifying  three  parameters:  (l)  the  yield 
resistance  r;  (2)  the  natiiral  period  of  vibration,  T;  and  (5)  the  ductility 

ratio  u  which  is  the  ratio  of  the  maxifflum  deflection  x  to  the  effective 

m 

jcLeld  deflection  x  .  In  some  instances  it  is  desirable  to  know  the  yield 

y 

deflection.  Therefore,  the  three  parameters  listed  above  and  the  yield 
deflection  are  defined  below  for  the  types  of  construction  considered  in 


this  report. 


4.3-1  Rectcmgular  Structures.  The  roof  and  floor,  if  a  floor  is 
required,  of  a  rectangular  structxore  eje  subjected  primarily  to  flexure  and 
secondarily  to  axial  force.  Generally,  however,  the  axial  force  is  small 
con5>ared  to  the  flexure  and  without  serious  error  its  presence  may  be  ignored. 
As  a  result  the  yield  resistance  r  is  determined  frcm  the  flexural  resistance 
of  the  elements  forming  the  roof  or  floor.  The  natural  period  of  vibration  T 
of  these  elements  alone  is  given  by 

T  =  X  ^  (1..9) 

where  \  »  O.636  for  slnply  supported  elements 

=  0.518  for  homogeneous  prismatic  members  continuous  over 
several  supports 

=  0.424  for  homogeneous  prismatic  members  fixed  at  one  end 
and  simply  supported  at  the  other 

L  =  span  of  member 

m  =  mass  per  \init  length  of  member 

E  =  modxilus  of  elasticity  of  material 

I  =  moment  of  inertia  of  cross-section  (of  the  transformed 
section  in  reinforced  concrete). 

Where  there  is  eso^h  over  the  member  T  must  be  modified  to 

T’  =  T  ^  (4.10) 

where  m'  is  the  mass  of  the  soil  and  the  element  but  the  depth  of  the  soil 

should  not  be  taken  larger  than  the  span  L.  For  the  three  basic  materials 

considered  in  this  report  th„  value  of  the  radical  (J:^)  in  Eq.  (4.9)  may 

V  iiii 

be  replaced  by 
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steel  sections  vhere  R  is  the  radius  of  gyration  for  a 
general  cross-section  and  d‘  is  the  depth  of  a  vide -flange 
or  standard  heam. 


5,150  (ft.  per  sec. 


for  rectangular  tlnber  sections 


2;g?d-(n.Ver"MC~.7d#'  «=tan®llaT  reinforced 
concrete  sections. 


The  ductility  ratio  u  must  be  chosen  for  any  design.  Choice  of 
this  value  depends  upon  the  amount  of  damage  which  might  be  allowed  under 
a  given  situation.  Since  a  factor  of  safety  is  implied  by  the  choice  of 
the  oveipressure  for  which  the  design  is  to  be  made  and  since  for  the  types 
of  construction  en5)hasl2ed  in  this  report  more  than  a  single  attack  causing 
maximum  conditions  would  be  unlikely,  it  is  reasonable  to  ass'ome  a  rela¬ 
tively  large  value  for  the  ductility  ratio.  For  steel  and  reiiiforced  con¬ 
crete  members  a  value  of  five  is  recommended  for  p.  For  timber,  because 
of  its  inherent  brittle  behavior,  a  ductility  ratio  no  greater  than  I.5 
Ic  rocoramended.  Yield  dcflectlono  of  s imply -oupportod  flexural  memboro 
may  be  approximated  by  the  following 


where 


X'  =  5000  ior  steel 
=  800  for  timber 

X'  =  4000  for  reinforced  concrete 


(4.11) 
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In  this  equation,  x^.  and  L  on  the  left  must  he  in  the  same  nnlts, 
and  L  and  d  on  the  rl£^t  must  he  In  the  same  units,  tdilch  may  differ  from 
the  units  used  on  the  left  side. 

For  a  heam  fixed  at  both  ends  the  effective  yield  deflection  is 
approximately  one-half  that  of  a  simply-supported  heam  of  the  same  dimensions 
and  span.  Similarly  the  effective  yield  deflection  of  a  heam  fixed  at  one 
end  and  slnply  stqjported  at  the  other  is  approximately  two-thirds  that  of 
the  equivalent  sinqply-supported  heam. 

Exterior  walls  of  rectangular  structures  must  support  the  roof  as 
well  as  resist  the  lateral  loading.  The  axial  force  on  these  elements  gen¬ 
erally  is  cca5)arahle  to  the  flexural  force;  therefore,  this  axial  force 
cannot  he  neglected.  However,  the  axial  force  in  the  wall  results  from 
the  support  of  the  roof  slab.  This  reaction  on  the  slab  will  have  a  rise 
time  which  is  much  larger  than  the  natural  period  of  longitudinal  vibration 
of  the  wall;  thus  it  may  he  treated  as  a  statically  applied  load.  On  the 
other  hand  the  shock  loading  causes  flexure  in  the  wall  which  must  he  con¬ 
sidered  as  dynamically  applied.  The  resulting  resistance  of  the  wall  must 
he  determined  frcxn  am  interaction  diagram  as  discussed  briefly  in  Section  4.2. 

Interior  columns  and  heams  of  a  rectangular  structure  support  the 
load  which  corresponds  to  the  yield  resistance  of  the  tributary  elements. 

These  loads  may  he  considered  as  statically  applied  for  the  same  reason  as 
mentioned  with  regard  to  the  axial  force  on  exterior  walls. 

4.5.2  Completely  Burled  Barrel  Arches.  A  cOT5)letely  bxiried 
barrel  arch  develops  its  resistance  as  a  hoop  compression.  The  maximum 
thrust  S  developed  \inder  this  ccndltion  is 


S  ss  r  br’ 
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vhere  r  »  y3.eljd  resistance  corresjpondlng  to  the  peak  vertical  stress 
acting  at  the  crown  of  the  arch, 

h  ■  width  of  the  section  of  arch  considered, 

r*  B  mean  radius  of  the  arch. 

The  yield  resistance  then  equals  the  thrust  divided  by  the  area  of 
the  arch  cross-section.  Enqslrlcal  results  summarized  in  Appendix  F,  Indi¬ 
cate  that  buckling  may  be  neglected  in  ccmpletely  burled  arches.  It  Is 
important  to  instire  the  Joints  In  a  barrel  arch  have  sufficient  strength  to 
develop  the  strength  of  the  main  arch.  This  may  be  accowpllshed  easily  by 
butting  the  two  sections  of  the  main  sirch  together  and  using  a  single  or 
double  splice  plate.  A  single  splice  plate  on  the  interior  of  the  rib 
generally  will  suffice. 

The  natural  period  of  vibration  corresponding  to  this  hoop  com¬ 
pression  in  the  barrel  or  ribbed  arch  would  he 

■  2700  ft!'p=r  5^^  -=■  sections  (4.13) 

To  account  for  the  earth  cover  T  imist  be  modified  in  accordance  with  Eq. 
(4,10)  but  the  depth  of  soil  should  not  he  as  stoned  greater  than  one -fourth 
the  spam.  Only  steel  sections  are  considered  here  because  of  the  limita¬ 
tions  imposed  by  the  equipment  available  to  an  engineer  conpany. 

A  ouctility  ratio  of  three  is  recommended  for  the  design  of  such 
sections.  Because  of  the  mode  of  deformation  involved,  the  yield  deflec¬ 
tion  of  a  barrel  or  ribbed  arch  has  most  meaning  when  it  is  defined  in  terms 
of  the  change  in  radius  of  the  arch;  i.e.. 


X  =  0.0016  r’ 

y 


(Iv.ll;) 
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In  Eq.  (^.1^)  the  deflection  corresponds  to  a  deformation  occurring  redially 
Inward. 

4.3.5  Cocpletely  Buried  Ribbed  Arches.  Because  of  the  limitations 
of  equipment  available  a  ribbed  arch  will  consist  of  steel  ribs  sv5>porting  as 
simple  beams  timber,  precast  concrete,  or  corrugated  metal  elements.  The 
design  of  the  svpported  elements  would  be  accompliBhed  in  the  seone  manner 
as  discussed  for  the  roof  and  floor  of  a  rectangular  structure  in  Section 
4.3.1.  The  design  of  the  ribs  may  be  accomplished  by  the  methods  presented 
in  the  section  intnedlately  above. 

From  considerations  of  weight  and  ease  of  construction  it  appears 
that  a  shelter  consisting  of  Inveid^d  structural  steel  tees  acting  as  ribs 
of  an  arch  sipporting  timber  blocks  is  the  preferable  configuration  for  the 
structure  housing  personnel  in  a  forward  area.  For  tills  type  of  construction 
the  tees  must  be  designed  to  carry  the  entire  hoop  cjnpression  if  the  wood 
blocks  eire  not  chamfered  such  that  each  block  bears  uniformly  against  its 
neighbors.  On  the  other  hand  if  the  timber  blocks  are  chamfered  such  that 
they  bear  against  one  another  throughout  their  length,  cctnposite  action  of 
the  timber  blocks  and  the  steel  ribs  may  be  used  in  the  design  to  resist  the 
hoop  conpresslon.  As  indicated  in  the  design  calculations  presented  in 
Appendix  C,  a  shelter  to  provide  protection  against  an  overpressure  of  100 
psi  can  be  porportioned  using  relatively  light  individual  members  neglect¬ 
ing  any  cemposite  action.  Since  some  cotnposite  action  must  occur  even  If 
the  blocks  are  not  chamfered,  the  structure  designed  in  the  exanple  will 
doubtless  resist  somewhat  more  than  the  100  psi  for  which  it  was  designed. 
Yet,  by  chamfering  the  blocks  and  reducing  the  spacing  between  the  ribs, 
the  proposed  structure  can  withstand  an  overpressure  as  high  as  ^00  psi. 


The  slight  over-design  of  the  standard  structure  mentioned  above  (designed 
for  100  psi  as  required  by  the  criteria  set  by  VES)  is  considered  desirable 
beeause,  as  In^lied  here,  by  sxqjplying  additional  steel  ribs  and  a  cross¬ 
cut  sav,  this  standard  structure  can  be  tailored  to  resist  overpressures 
as  high  as  300  psi  should  the  need  arise.  The  necessary  modifications  are 
shown  in  Appendix  H. 

4.3.^  Foundations .  Since  the  Integrity  of  the  foundations  of  a 
conventional  structure  determines  the  integrity  of  the  structure,  the 
foundations  of  such  structures  normally  are  designed  more  conservatively 
than  the  superstructure.  It  is  desirable  here  therefore  to  cooipare  the 
integrity  of  conventional  structxires  with  the  integrity  of  protective  struc 
tures.  For  a  conventional  building,  integrity  requires  no  differential 
settlement  over  long  periods  of  time,  preferably  no  settlement  of  the  over¬ 
all  foundation,  minimum  disturbance  to  surrounding  buildings,  and  related 
considerations.  For  a  protective  structure,  integrity  requires  only  x.hat 
the  structure  protect  the  occupants  from  the  blast  and  associated  effects 
for  relatively  short  periods  of  time.  Thus  design  of  foundations  for  pro¬ 
tective  shelters  can  be  approached  somewhat  differently  from  the  conven¬ 
tional  case. 

For  the  configuration  considered  herein  differential  settlement 
can  be  allowed  so  long  as  the  exit  is  not  conqjletely  closed  off  and  so  long 
as  the  blocks  between  the  ribs  of  the  arch  remain  in  place.  Considering 
the  shelter  designed  herein  indicates  that  a  differential  settlement  of 
at  least  0.6  ft.  must  occur  in  a  length  of  5  ft.  before  timber  blocks 
between  the  ribs  will  fall.  Also,  as  long  as  the  exit  is  not  completely 
closed  off,  considerable  over-all  settlement  of  the  3.,..act'ure  can  be  per- 
mi-cted.  The  only  problem  remaining  from  the  conventional  design,  therefore. 


is  that  of  disturbing  surrounding  structures.  For  a  single  shelter  in  a 
forward  eurea  this  problem  need  not  be  considered.  The  effect  of  multiple 
structures  is  discussed  in  Appendix  G. 

Since,  by  conventional  standards,  letrge  differential  and  over-all 
settlements  can  be  allowed  for  the  structure  herein,  the  problem  of  the 
design  of  the  foundations  becomes  a  siii5)le  one.  Recognizing  that  the 
shock  loading  has  a  longer  duration  but  a  much  lower  force  generally  than 
the  output  of  a  pile  driver  Indicates  that  the  displacement  of  any  foxxndatlon 
should  not  be  significantly  different  from  the  displacement  of  a  pile  as  a 
re8\ilt  of  a  single  blow  of  a  pile  driver.  Thus,  It  is  expected  that  any 
foundation  for  the  shelter  will  vmdergo  a  very  small  displacement,  euid  the 
results  of  the  weapon  effect  tests  indicate  this  is  so.  As  a  result,  it 
is  only  necesseiry  to  guard  against  large  relative  displacements,  and  the 
sills  for  the  ribbed  arch  considered  herein  are  designed  to  give  full  con¬ 
tinuity  throughout  their  length.  These  are  flexural  members  primarily  and 
they  arc  designed  on  the  basis  of  the  recommendations  in  Section 

^•3*5  End  Bxilkheads.  As  discussed  in  Section  3-2.5  several 
different  bulkhead  configurations  were  considered.  Three  of  the  configura¬ 
tions  were  considered  in  detail.  These  three  different  bulkheads  eill 
assumed  the  same  type  of  bulkhead,  i.e.,  vertical  wide  flange  posts  with 
timber  blocks  spanning  between  the  vertical  posts.  In  each  case  the  top 
of  the  vertical  bulkhead  posts  rested  against  the  end  structural  arch  rib 
of  the  main  shelter.  The  three  differed  only  in  the  means  of  resisting 
the  lover  reaction  of  the  bulkhead  posts.  The  three  types  considered  in 


detail  were 


(1)  A  heavy  vide  flange  heam  spanning  "between  the  ends  of  the  elll 

(2)  A  horizontal  or  nearly  horizontal  steel  arch  fastened  to  the 
ends  of  the  sill  with  the  lower  end  of  the  vertical  "bulkhead  posts  tied  to 
the  arch  by  cables. 

(3)  A  prefabricated  truss  spanning  between  the  ends  of  the  siH. 

Preliminary  designs  indicated  that  the  horizontal  steel  arch  was 

the  moat  feasible  means  of  supporting  the  lower  reaction  of  the  vertical 
posts.  The  major  advantage  of  this  type  of  support  was  that  since  the  arch 
was  primarily  in  coo?>ression  and  had  but  a  minimum  of  bending  mcment  its 
cross  section  could  be  vised  very  efficiently.  The  moment  could  be  held 
to  a  minimum  by  crossing  the  cable  ties  csirrying  the  low  reaction  of  the 
vertical  posts  to  the  evrch  itself.  The  ties  were  positioned  to  eliminate 
moment  at  the  crown  and  to  cause  the  pressure  line  to  follow  the  neutral 
axis  as  closely  as  possible.  The  eurch,  however,  was  found  to  be  unsatis¬ 
factory  when  it  was  considered  that  erection  procedures  necessitated 
some  meeuis  of  supporting  the  vertical  posts  laterally  vintil  the  blocks 
could  be  placed  and  the  backfill  con5>leted.  The  addition  of  a  cross  beam 
to  temporarily  support  the  vertical  beams  increased  the  weight  of  the 
overall  assembly  to  the  extent  that  it  was  no  longer  feasible. 

A  single  wide  flange  cross  beam  spanning  between  the  two  sills 
provides  all  the  desirable  characteristics  required  of  the  suppoidiing 
systems  with  the  exception  that  the  weight  of  the  beam  is  much  too  heavy 
to  be  placed  manually. 

The  welded  truss  as  finally  selected  as  the  most  desirable  means 
of  supporting  the  lower  ends  of  the  vertical  posts  actually  is  a  ccmipromise 
between  an  arch  and  a  cross  beam.  The  depth  of  a  truss  was  selected  such 
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that  there  vould  he  no  shear  in  the  panel  for  symmetrical  loadings.  Thus 
for  all  practical  purposes  the  tpper  chord  becomes  an  arch  vhile  the  lower 
chord  serves  only  eis  a  tie.  Diagonals  were  added,  however,  to  provide  for 
limited  antlByinmetrical  loadings. 

k,^,6  Vertically  Oriented  Entrance  and  Ventilation  Structxires. 
Since  the  design  of  the  entrance  and  ventilation  structures  will  he  accom¬ 
plished  in  a  similar  way,  both  types  of  structure  are  considered  in  this 
section.  At  some  distance  below  the  surface  of  the  ground  the  deformation 
of  the  hollow  cylinder  used  for  either  of  these  structures  must  be  uniform 
all  around  the  cylinder.  This  results  from  the  fact  that  any  tendency 
toward  non-'unlform  deformation  will  mobilize  resistance  within  the  soil 
preventing  these  non-uniformities  from  developing.  The  depth  at  which 
uniform  deformation  must  occur  cannot  be  calculated  exactly  by  methods 
available  at  this  time.  However,  it  seems  reasonable  to  assume  that  uniform 
deformation  must  occur  below  a  depth  equal  to  one-half  of  the  diameter  of 
the  cylinder.  Because  these  cylinders  are  relatively  short  the  variation 
in  lateral  soil  pressure  ecLong  the  length  may  be  neglected,  and  only  the 
lateral  shock  pressure  as  defined  in  Section  4.1.2  for  vertical  walls  of 
rectangular  structxires  may  be  considered  as  acting  uniformly  aoround  the 
cylinder  below  a  depth  of  one-half  the  diameter  of  the  cylinder.  Above 
this  depth  the  lateral  pressure  of  the  soil  also  may  be  neglected,  but, 
to  account  for  non-viniform  deformation,  two  components  of  shock  loading 
are  suggested.  One  ccoponent  is  equal  to  one-half  or  the  side-on  over¬ 
pressure  acting  xiniformly  eiround  the  periphery  of  the  cylinder;  the  other 
conponent  has  a  peak  anplitude  equal  to  one'-half  of  the  surface  overpressure 
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acting  sinusoidally  around  the  periphery  assuming  that  two  cOB5>lete  sine 
waves  develop  around  the  circumference  of  the  cylinder.  These  conroonents 
of  loading  are  shown  In  Fig.  4.5. 

The  uniform  conponents  of  loading  on  the  cylinder  produce  a 
thrust  In  the  shell  defined  hy  Eq.  (4.12).  The  sinusoidally  varying  load 
produces  a  maxlmua  bending  moment  per  unit  of  height  of 

=  j 

with  the  thrust  and  bending  moment  defined  the  cylinder  may  be  proportioned, 
with  sll^t  conservatism,  by  use  of  Eq.  (4.4). 

To  prevent  particles  of  radioactive  fallout  from  being  sucked 
into  the  ventilation  structure,  it  Is  necessary  for  these  structures  to  pro¬ 
ject  some  distance  above  the  surface  of  the  ground.  It  is  recommended  that 
this  projection  be  made  2  ft.  With  this  projection  and  with  no  concrete  or 
soil  sxqjportlng  it  the  ventilation  tube  will  be  subjected  primarily  to 
drag  loading.  It  ntust  resist  this  loading  in  flexure.  Using  a  drag  coeffi¬ 
cient  of  0.6,  which  appears  valid  for  cylindrical  shapes,  gives  the  follow¬ 
ing  total  dreig  force. 

emd  by  assuming  that  the  cylinder  is  fixed  against  rotation  at  a  distance 
of  4  ft.  below  the  top  of  the  tube,  the  maxliiium  moment  produced  by  drag  is 

«d  ■  (500  in.-xb.)(rTj:)(5^) 


('♦•17) 
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vhere  »  drag  force 

D  ■  diameter  of  cylinder 

■  slde-on  overpresavire  at  surface,  psl 

p  ■  aniblent  preomtre  ahead  of  shock  >»  14.7  psl  at  sea  level 

ft 

p-  ■  drag  pressure,  psl 

»  „  '  for  Ideal  conditions. 

♦  '.o 

■  w^-riwitm  “bending  moment  produced  by  drag. 

IHius,  to  resist  this  drag  force  the  section  modulus  of  the  unsiqjported 
cylinder  most  be  such  that  the  yield  stress  of  the  material  is  not  exceeded. 

So  that  there  will  be  a  minimum  of  field  sorting  of  parts ,  and 
for  ease  of  erection,  it  is  reconmended  that  the  thickness  of  the  vertical 
cylinders  discussed  above  be  held  constant.  Thus,  the  thickness  would  be 
determined  from  the  condition  of  loading  which  required  the  greatest 
thickness. 


Design  of  the  hatch  at  the  surface  of  the  ground  to  cover  the 
entrance  depends  \3pon  the  structural  shai  e  selected.  It  is  recommended 
that  the  hatch  be  in  the  form  of  a  segment  of  a  spherical  dome  so  that  it 
may  be  ais  light  as  possible.  The  resistance  of  a  dome  in  the  configuration 
discussed  in  Chapter  ^  is 


-  fi- 

r* 


(4.18) 


where  r  =  resistance  reqviired  for  the  shock  loading 
a  =  yield  stress  of  the  material 

y 

t  =  thickness  of  the  dome 

r’  =  the  radius  of  the  major  circle  of  the  dome 
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Becaxise  of  the  gecanetrieal  shapes  Involved  in  the  entrance  and 
ventilation  structures,  it  will  he  difficult  to  modify  these  structures  in 
the  field  to  provide  protection  against  overpressures  larger  than  those 
considered  in  the  standard  design.  Since  the  main  structure  requires  only 
relatively  minor  field  modification  to  provide  an  increased  level  of  pro¬ 
tection,  it  may  he  deslrahle  to  provide  entranceways  and  ventilators 
designed  to  resist  overpressures  as  high  as  the  standard  structure  may  be 
made  to  withstand  as  a  result  of  field  modification. 


Original  Grade 


Boundaries  of  Minimum  Cover. 

Boundaries  of  Region  A.  Cover  in  Region  A  moy  result  from 
topographic  conditions.  In  Region  A  the  moximum  slope 
permitted  is  I  on  2. 
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PORTION  OF  ENTRANCE  AND  VENTILATING  STRUCTURES. 
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3.  lESIGN  SUMMART 

Bie  architectursl  details  and  design  parameters  necessary  to  pro¬ 
portion  a  structure  have  been  discussed  in  the  preceding  chapters.  This 
chapter  deals  vith  the  actual  design  of  the  proposed  structure.  Included 
are  a  discussion  of  the  preliminary  proportioning  of  the  structxxral  com¬ 
ponents,  a  method  of  analyzing  dynamically  the  restating  structure  and 
conoents  pertinent  to  the  actxial  structural  design  calctOations  (Appendix 
C).  Detailed  plans  for  the  proposed  structure  are  included  in  Appendix  J. 

5.1  PRELIKniARr  DESIGN 

If  an  attack  should  come  it  is  probable  that  nuclear  weapons  of 
relatively  high  yield  would  be  xised.  The  effective  dxiration  of  the  loading 
would  be  long  coopared  to  the  natural  period  of  elements  of  the  structure 
for  this  type  of  weapon.  Even  if  the  duration  were  not  relatively  long 
this  assxinption  errs  on  the  side  of  safety.  This  assvmption  and  the  fact 
that  in  a  protective  design  some  plastic  behavior  must  occur  allows  the 
designer  to  proportion  initially  the  structural  elements  to  resist  pres- 
siires  consistent  with  the  maxiiiium  side-on  overpressure  applied  at  the  earth's 
sxrrface  above  the  structure  in  combination  with  the  dead  load  as  a  static 
load.  One  exception  to  this  general  procedure  which'  may  be  followed 
involves  the  design  of  timber  blocks.  Since  timber  is  inherently  more 
brittle  than  the  other  structural  materials  considered  it  is  desirable 
to  multiply  the  shock  loading  by  I.5  in  the  preliminary  design  to  account 
for  its  smaller  ductility.  Dynamic  yield  stresses  in  the  material  should 
be  assumed  in  this  proportioning.  The  restating  structure  may  be  analyzed 
by  the  method  presented  in  the  next  section. 


5.2  ANALYSIS 
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The  static  resistance  required  In  an  element  subjected  to  shock 
loading,  vhere  the  rise  time  of  the  loading  is  at  least  as  long  as  twice 
the  natural  period  of  vibration  of  the  structural  element,  is  eqxial  to 
the  peak  value  of  the  shock  loading  plus  the  dead  load.  As  stated  in  the 
preceding  chapter  a  finite  rise  time  should  be  considered  possible  only- 
on  arched  structures.  Therefore,  the  rise  time  of  the  loading  on  the  arch 
rib  must  be  coeoputed.  If  this  is  greater  than  twice  the  natural  period  of 
vibration,  the  arch  rib  proportioned  in  the  preliminary  design  is  adequate. 

When  the  ratio  of  rise  time  to  period  is  less  than  two  for  an 
arch  rib  or  for  all  other  types  of  structural  elements  the  equivalent 
static  resistance  r  necessary  for  shock  loads  must  be  determined  from 

1  -  — 

(5.1) 

Because  in  most  cases  t^  will  be  much  larger  than  T,  the  first  term  of 
Eq.  (5*1)  generally  will  be  much  smaller  than  the  second;  frequently  this 
first  term  may  be  neglected,  and  the  dencminator  of  the  second  term  taken 
as  unity.  The  resistance  of  the  element  obtained  in  the  preliminary  design 
must  be  adjusted  to  eqr.al  the  sum  of  the  resistance  obtained  from  Eq.  (5-l) 
and  the  dead  load. 

5-5  CaSffiUTARY  ON  lESIGN 

The  actual  stinictural  design  calculation.^  for  the  proposed  struc¬ 
ture  are  included  as  Appendix  C.  These  calcxilations  follow  the  preliminary 
design  procedvire  of  Section  5.1'  The  design  for  the  basic  structure  was 
not  analyzed  completely  in  accordance  with  Section  5-2,  due  to  the  fact  that 
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the  periods  of  vibration  of  the  individual  members  are  at  the  most  a  fev 
tens  of  milliseconds.  For  weapons  of  current  operational  size  (MT  range) 
the  effective  duration  of  the  overpressure  is  at  least  lOG'^asec.  Thus, 
the  condition  of  relatively  long  duration  of  the  loading  mentioned  in 
Section  5.1  exists  for  the  structure  considered  here.  Since  the  effective 
positive  phase  of  smaller  weapons  is  significantly  less  than  100  msec.,  the 
proposed  structure  is  more  than  adequate  for  these  weapons.  An  abbreviated 
dynamic  analysis  is  included  in  Appendix  H. 

It  should  be  noted  that  the  values  of  the  ductility  ratios  sug¬ 
gested  in  Chapter  4  were  chosen  conservatively  to  provide  a  larger  measure 
of  safety  in  the  event  of  multiple  attacks;  ductility  ratios  greater  than 
those  suggested  are  possible  without  collapse  under  a  single  loading. 
Therefore,  for  a  single  loading  the  design  described  in  the  following  will 
resist  the  design  overpressure  of  100  psi.  For  multiple  attacks,  it  is 
inprobable  that  each  attack  will  produce  the  maxiinum  overpressure,  and  it 
is  not  considered  necessary  to  alter  the  design  presented  in  order  to 
resist  a  multiple  attack. 

A  compressive  ctrccs  of  5OOO  psi,  perpendicular  to  the  grain,  was 

URc'l  I/O  Mi*?  fii/.*’  oi?  n(,  (,|(«  uT 

each  main  rib.  This  vill  result  in  some  crushing  of  the  timbers,  but  this 
fact  will  be  more  helpful  than  harmful  since  it  will  tend  to  reduce  the 
shock  loading.  A  2"  x  12"  timber  is  used  between  the  two  top  bearing 
plates  of  the  arch  ribs.  This  will  give  a  deformable  bearing  surface 
between  the  plates  and  will  serve  to  speed  the  erection  of  the  ribs. 

Machine  holts  are  used  in  the  top  while  lag  screws  are  used  to  connect  the 
bottom  bearing  plates  to  the  foundation  sills.  The  sills  are  pre-borcd  to 
accept  the  lag  screws  thereby  facilitating  the  rapid  positioning  of  the 
arch  ribs . 
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The  con?>tttation  for  the  number  and  size  of  corrugated  plates  is 
included  principally  to  show  why  the  corrugated  plates  are  not  recommended 
in  the  standard  design  considered  herein. 

A  stress  of  6000  psi  has  been  used  in  congputing  the  thickness  of 
tiniber  lagging  so  that  under  both  bending  and  axial  stresses  the  combined 
stresses  will  satisfy  Eq.  (4.4). 

As  previously  discussed,  the  actual  width  of  the  foundation  sill 
was  determined  more  by  the  width  required  by  the  bearing  plates  than  fraa 
an  allowable  soil  pressxire.  The  net  soil  pressure  has  been  canputed  in 
order  that  the  moments  in  the  sill  may  be  estimated.  While  the  cocqjuted 
soil  becorlng  pressure  is  very  high  by  conventional  standards  or  practice, 
it  is  not  unreasonable  for  dynamic  loadings. 

The  sill  has  been  designed  as  a  continuous  beam  of  constant  stiff¬ 
ness.  The  maximum  bending  moment  for  xmiform  upward  soil  pressiire  occurs 
under  the  first  arch  rib,  but  the  actvial  moment,  owing  to  the  redistribution 
of  soil  pressure  with  deflection,  is  self  limiting.  Hence,  the  design 
moment  used  is  somewhat  less  t,  lan  the  moment  under  the  cantilever  stub  at 
the  end  arch  rib,  and  somewhat  greater  than  the  moment  under  the  interior 
ribs,  since  moments  will  be  made  more  unifom  with  relative  deflections  of 
the  points  of  support  of  the  ribs. 

The  calculations  pertaining  to  the  end  bulkhead  compare  the 
relative  weights  of  a  cross-beam  and  a  truss  to  transmit  the  lover  reac¬ 
tions  of  the  vertical  bulkhead  posts.  Tlie  truss  weighs  about  heilf  as  raich 
as  the  cross-beam.  The  truss  is  designed  to  have  no  shear  in  the  panels 
for  symmetrical  loadir.gc .  However,  light  diagonals  are  provided  in  the 
detail  drawings . 
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The  prellmlnaiy  design  for  the  vertical  entrance  pipe  vas  a 
No.  1  ga.  multiplate  section.  However,  it  is  impossihle  to  form  this  into 
a  32  in.  or  36  in.  diameter  (60  in.  is  the  minimum  diameter  that  can  he 
fabricated.)  and  retain  the  corrugations.  A  cylinder  formed  from  5/8  in. 
plate  steel  would  weigh  approximately  600  Ihs .  and  would  he  difficult  to 
handle.  Although  the  double  corrugated  sections,  with  concrete  in  the 
annular  ring,  weigh  approximately  the  same,  they  are  more  easily  placed  in 
position  with  subsequent  casting  of  the  concrete.  Since  the  corrugated 
sections  serve  as  the  forms  and  the  concrete  is  not  required  to  carry  any 
dead  load,  the  vise  of  concrete  in  this  element  will  not  delay  the 
construction. 

To  withstand  the  100  psi  side-on  overpressure,  a  thickness  of 
0.03  in.  only  is  required  for  the  hatch  cover.  However,  as  this  is  too  thin 
to  weld  to  the  hinges  and  to  the  circumferential  angle  and  as  it  is  suscep¬ 
tible  to  distortion  while  being  transported,  insteHed,  or  in  use,  a  thick¬ 
ness  of  l/4"  was  eu*bitrarily  selected.  Furthermore,  standard  heads  are 
available  rith  tne  requisite  major  and  minor  radii  and  thickness.  These 
standard  heads  require  only  the  remo’/al  of  the  rim  to  be  used  as  the 
hatch  cover. 

The  passageway  leading  frexa  the  entrance  tube  into  the  structure 
consists  of  steel  frames  fabricated  from  steel  beams  that  support  walls 
of  timber  sheeting  and  a  roof  of  prefabricated  steel  covers.  To  reduce 
the  weight  of  the  frames,  temporary  braces  are  provided  at  mid-height.  The 
braces  are  required  only  durir^g  periods  of  alert.  The  entrance  tube  is 
attached  directly  to  the  passageway  by  removing  one  of  the  steel  covers. 
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Utility  structures  are  similar  to  the  passageway  except  that  four 
steel  frames  instead  of  five  are  provided  and  also  a  crawlvay  is  provided 
as  an  access  throu^  the  earth  bulkheads  which  may  be  installed.  These 
earth  biilkheads  may  be  reqxilred  to  provide  a  radiation  barrier  around  einy 
CBR  unit  or  a  decontamination  station  Installed  in  the  utility  structure 
or  passageway.  Since  a  passageway  is  always  required  while  utility  strac- 
tures  are  optional,  the  end  bulkhead  for  the  passageway  or  utility  structwe 
is  Included  as  part  of  the  passeigeway  kit. 

A  vide  range  of  sizes  for  the  ventilation  ducts  is  given  on  the 
plans  because  of  the  unknown  conditions  which  might  prevail.  For  example, 
one  set  of  ventilators  may  be  used  for  several  stimctures  or  one  structure 
ma^  include  large  amounts  of  mechanical  equipment  requiring  large  amounts  of 
air.  Therefore,  the  range  of  sizes  are  specified  bs  a  function  of  the  air 
voltune  to  be  supplied. 
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6.  COHCLUSIONS  AND  FECOMMEHDATIONS 

In  this  chapter  the  reconmendatlons  are  8\minarlzed  for  the 
single  personnel  shelter  to  be  erected  and  occupied  by  an  engineer  platoon 
in  a  forward  area.  Detailed  plans  for  the  proposed  shelter  are  included 
as  Appendix  J. 

Although  it  is  difficult  to  estimate  precisely  the  amount  of 
time  that  might  be  required  for  the  construction  effort,  it  appears  that 
the  structure  can  be  erected  by  em  engineer  platoon  and  occvqpied  within 
one  week’s  time,  without  any  special  eqviipment. 

The  structure  is  designed  to  be  svqpplied  in  independent  kits, 
thus  permitting  the  structure  to  be  altered  to  fit  specific  requirements. 
Each  kit  is  ccnplete  except  for  the  erection  tools,  which  are  provided 
in  a  separate  kit.  The  contents  of  the  various  kits  are  as  follows; 

Kit  No.  Contents 

1  Erection  Kit  (Equipment  and  tools) 

2  Main  Structure  (Ribs  euid  Sills) 

5  End  of  Main  Structure  and  Bulkhead  (Ribs,  Sills 
and  End  Bulkhead) 

4  Passageway  Structure  (Frames,  Sheeting  and 
End  Bulkhead) 

5  Utility  E'.ructure  (Frames  and  Sheeting) 

6  Entrance  Struct\ire  (Vertical  Pipe  and  Hatch  Cover) 

7  Ventilation  Structure  (Air  Ducts) 

The  basic  structure  is  l6  ft.  by  48  ft.  in  plan  and  consists  of 
inverted  stinictural  tee  arches,  8  ft.  in  radius,  spaced  5  ft.  on  centers. 
Timber  blocks  span  horizontally  between  these  tees.  Although  the  basic 
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structure  is  48  ft.  long,  it  may  "be  lengthened  or  shortened  hy  12  ft.  multi¬ 
ples  according  to  the  number  of  kit  2  specified.  The  foundations  consist  of 
two  8  hy  12-in.  timbers  bolted  between  two  9"io*  steel  channels,  with  the 
channels  acting  as  a  splice  for  the  timbers  at  intervals  of  12  ft.  This 
basic  structure  was  selected  on  the  basis  of  the  apparent  least  weight  of 
the  individual  parts,  the  apparent  ease  of  construction,  and  the  high  degree 
of  flexibility  possible.  The  structure  is  designed  to  resist  an  overpressure 
at  the  surface  of  100  psi  and  the  nuclear  effects  associated  with  this  over¬ 
pressure,  regardless  of  the  size  of  weapon  used  in  an  attack  against  it. 

The  basic  struct\ire  and  most  of  its  appurtenances  can  be  modified  in  the 
field  to  withstand  overpressures  and  associated  effects  of  as  much  as  300 
psi.  (See  Appendix  H). 

The  end  bxxlkheeuis  consist  of  vertical  wlde-flange  posts  supporting 
timber  blocks  spanning  horizontally.  These  posts  are  supported  by  a  welded 
truss  spanning  between  the  ends  of  the  sills. 

A  vertical  circular  entrance  pipe  rests  upon  a  horizontal  passage¬ 
way.  Tlic  vertical,  entrance  pipe  actually  in  componed  of  two  concentric 
corrugated  pipes.  The  space  betv’ecn  the  pipes  is  filled  with  concrete  to 
prevent  buckling  of  the  pipes.  Welded  rectangular  frames  support  tl.mber 
sheeting  on  the  sides  of  the  horizontal  entrance  structure,  while  metsil 
plates  span  between  the  frames  to  form  the  roof. 

The  following  specific  recommendations  are  made  with  regard  to 
further  investigations. 

(1)  A  test  erection  program  by  an  engineer  platoon  shoxild  be 
initiated  to  determine  not  only  the  actual  erection  time  but  the  com¬ 
plexity  of  the  erection  as  well. 
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(2)  A  field  test  program  involving  actual  "blast  loads  should  he 
carried  out  to  validate  the  structural  Integrity  of  the  proposed  structure. 
It  vould  be  dealrdble  at  the  same  time  to  test  various  alternates,  such 
structures  with  no  bulkheads  at  all. 
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APPEKDIX  B 


NOTATION 

The  following  notation  Is  used  in  this  report: 
h  »  width  of  meniber 

B  >  span  of  arch 

c  *  distance  frcm  neutral  axis  to  extreme  '' fiber"  in  flexurEii  mentocrs 
Cy,  •»  seiBmic  velocity 

C  «  ratio  of  conpresslon  to  tension  reinforcement  in  concrete  meniber 
d  «  effective  depth  of  concrete  member 

D  a  diameter  of  entrance  structxire  or  ventilator 
E  »  modulvis  of  elasticity 

f  =  actual  stress  induced  by  axial  force  on  timber  or  steel 

A 

f^  a  actual  stress  induced  by  flexure  on  timber  or  steel 
f^  a  standard  cylinder  strength  of  concrete 
fy  a  dynamic  yield  strength  of  web  reinforcement  in  concrete 

f  a  dynamic  yield  strength  of  metal 

O' 

F  =  flexural  shape  factor  for  metal  members 

F  a  allowable  stress  for  axial  force  on  timber  or  steel 

F^  a  allowable  stress  for  flexure  on  timber  or  steel 

F^  =  drag  force  acting  on  ventilator 

h  =  average  depth  of  cover  over  arch 
ave 

H  =  height  of  structure  or  rise  of  arch 

I  =  moment  of  inertia  of  cross-section 

K  =  lateral  force  coefficient  for  peak  shock  intensity  on  buried 
vertical  walls 

L  =  length  of  clear  span 

L'  =  total  width  of  structure 
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m  B  nass  per  tmlt  length  at  element  alone 

m*  B  mass  per  tmlt  length  of  element  and  soil  overhurden 

B  Baxlnxnh  hci^ng  moment  produced  hy  drag  force  on  ventilator 

M  B  moTrtwnwn  hei^Llng  moment 

max 

M  B  the  statical  Boment  cc  to  Ci.  Jt  3,-lcld  in  r  \;rl8l 

y 

p,  .  aablent  atmoephtrlc  prcure 

p^^  •  critical  overpressure  determined  by  buckling 

p^  *  drag  pressure 

p  B  peak  vertical  stress  acting  on  element 

B 

p^^  B  peak  side-on  overpressure  at  the  ground  surface 
r  B  yield  resistance  for  an  element  of  any  material 
r’  =  .  radius  of  arch 

r^^  »  diagonal  tension  resistance  of  concrete 

r-  =  flexural  resistance  of  concrete 

f 

r  =  pure  sheen*  resistance  of  concrete 

sp 

R  B  radius  of  gyration 

S  =  maixinum  thrust  in  arch 

t.  -=  thicknean  of  dome 

t,  =  effective  duration  of  force 

a 

t^  =  effective  rise  or  application  time  of  force 
T  =  natural  period  of  vibration  of  element  alone 

T’  =  natural  period  of  vibration  of  element  and  soil  overburden 

W  =  weapon  yield 

=  maxiffluia  transient  displacement 

X 

y 


yield  displacement 


X  «  parttoeter  definixig  natural  period  of  vltratlon  in  flexure 
X*  •  paraaeter  defining  yield  displacement  in  flexure 
M  ■  ductlli-^  ratio  » 

«  yield  stress  of  material 

(p  m  percentage  of  tension  reinforcement  in  concrete 
9^  ■  percentage  of  wel)  reinforcement  in  concrete 


APPEHDIX  C 


STRUCTURAL  ISSIGR  CALCULATIORS 

The  structural  design  calculations  that  foUov  are  for  the 
100  psi  ovezpressure  assumed  as  a  static  load,  In  accoirdance  vlth 
Section  5»1«  However,  since  the  r-  vl^'raiion  ov  the 

members  are  so  short  in  congtarison  vi-tti  the  duration  of  the  loading,  the 
static  design  represents  also  the  final  design,  in  accordance  with 
Sections  5*2  and  5*3* 
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RADIATION  PROOECTION  CALCULATIONS 

In  this  appendix  the  protection  factors  for  fallout  radiation, 
preempt  gaisma  radiation  and  neutrons  are  calculated.  Additionally,  the 
prooipt  gansa  doses  associated  with  100-psi  side-on  overpressure  from  sur¬ 
face  hurst  or  low  air  hurst  are  determined. 

The  protection  factor  for  fallout  radiation  is  calculated  in 
accordance  with  the  procedures  contained  in  OCD  Manual  ’’Design  and 
Review  of  Structures  for  Protection  froa  Fallout  Gamma  Radiation," 
revised  1  October  196I.  Since  these  procedures  are  available  and  gener¬ 
ally  accepted,  comments  and  discussion  are  omitted  and  only  the  calcula¬ 
tions  are  included. 

Inasmuch  as  procedures  for  calculating  protection  factors  for 
prcsnpt  gamma  eind  pron5)t  neutron  radiation  are  not  standardized  to  the 
same  degree  as  the  fallout  gamma  radiation,  the  basic  theory  and  conrou- 
tational  procedures  are  included. 
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APPENDIX  E 

ALTE21NATE  ENTRANCE  STRUCTURES 

While  the  amended  contract  called  only  for  a  vertical  personnel 
entrance  structure,  the  original  contract  called  for  consideration  of 
other  types  of  entrance  structures  including  both  personnel  and  vehicular 
entranceways .  Since  some  preliminary  effort  was  directed  toward  the 
consideration  of  entrance  structures  other  than  the  vertical  type,  this 
appendix  has  been  included  to  discuss  briefly  the  factors  affecting  the 
design  of  entrance  structures.  Consideration  of  this  phase  of  the  study 
did  not  proceed  sufficiently  to  provide  quantitative  conclusions.  Thus, 
details  are  not  considered  here.  Since  Phase  II  of  this  contract  will  be 
devoted  specificailly  to  the  development  of  entrance  structures,  the  dis¬ 
cussion  presented  now  should  be  considered  as  tentative  and  subject  to 
revision. 

In  general  the  major  factors  controlling  the  selection  of  a 
type  of  entranceway  stx-ucture  and  door  eire  as  follows  • 

?.  Capacity  (size  required) 

2.  Structural  Resistance 

5.  Radiation  Protection 

4.  Cost 

5.  Ease  of  Erection 

6.  Siiaplicii^j  ana  ^  ^oitiveneo..  w  Operation 

7.  Effect  on  Shelter  Proper 

8.  Vulnerability  to  Damage  or  Blocking 


^  • 
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Preliminary  consideration  appears  to  indicate  that  it  will  he 
more  economical  to  design  single  file  entrance  doors  than  for  multiple 
files.  This  is  due  to  the  fact  that  the  cost  of  the  door  (or  the  inter¬ 
vening  Jambs)  increases  with  the  width  to  he  spanned. 

In  determining  the  required  structural  resistance  of  a  door  to 
resist  a  specific  overpressure,  the  cngle  that  the  door  nakec  with  the 
horizontiLl  ground  surface  must  he  considered.  If  the  door  is  flush  with 
the  ground  surface  it  may  he  designed  for  the  overpressure  only.  If  the 
door  is  at  right  emgles  to  the  horizonteil  ground  surface,  and  thus  perpen¬ 
dicular  to  the  oncoming  blast  it  must  he  designed  for  a  significant  multiple 
of  the  overpressure,  the  reflected  presstire.  Doors  at  intermediate  euigleo 
can  he  designed  for  pressures  between  one  and  several  times  the  overpressure 
depending  on  the  angle  of  incidence  and  the  magnitude  of  the  overpressvire. 

It  does  not  appear  feasible  to  design  doors  to  serve  as  radia¬ 
tion  harriers  per  se.  In  general  a  more  economical  solution  appears  to 
result  when  bends  or  turns  are  placed  in  the  entranceway,  or  by  placing 
a  harrier  or  shield  inside  the  shelter. 

Ease  of  erection  was  a  primary  consideration  of  this  study. 

This  in  itself  limits  the  type  of  door  that  could  he  considered.  Not  only 
must  the  weight  of  the  door  be  considered,  hut  the  weight  of  the  Jamb  and 
supporting  members  as  veil.  For  the  specific  structure  considered  in 
this  report  it  •was  necessary  that  the  support  for  the  door  he  isolated 
from  the  shelter  to  prevent  the  door  from  Inducing  loads  directly  -upon 
the  shelter. 

The  ideal  type  of  door  would  he  simple  to  operate,  yet  •woxfLd  make 
an  absolute  seal.  Tliese  conditions  tend  to  militate  against  each  other. 


152 


If  the  door  is  heavy  some  auxiliary  mechanism  must  he  used  to  close  and  open 
the  door.  Such  a  mechanical  device  may  take  time  to  operate  and  thereby 
slov  the  entire  "buttoning  up"  process. 

Assuming  that  an  entrance  structure  is  to  be  designed  for  a 
given  width  (lesser  dimension)  and  overpressure  the  total  cost  vjill  depend 
primarily  xipor.  the  length  of  the  door  and  the  length  of  the  passageway  or 
tunnel.  In  general  the  length  of  the  door  and  the  length  of  the  passageway 
are  funetions  of  the  secant  of  the  angi^  between  the  door  and  the  entrance- 
way  floor.  The  effect  of  the  change  in  the  angle  between  the  door  and  the 
entranceway  floor  is  clearly  evident  in  Fig.  E.l.  The  1:10  slope  represents 
about  the  maudmum  safe  slope  for  a  personnel  ra^p,  while  the  slcpe  of  the 
stairs  is  equivalent  to  a  7  3A"  riser  and  9  l/2"  tread.  The  latter  repre¬ 
sents  about  the  maxiraum  stair  slope. 

Fig.  E.l(a)  indicates  that  it  is  not  reasonable  to  use  a  ramp 
and  a  horizontal  door.  Both  the  door  and  the  entrance  tunnel  are  too 
long  to  be  economical.  A  much  more  reasonable  length  of  door  and  entrance - 
way  tunnel  can  be  achieved  by  using  a  cut  and  cover  method  of  construction 
and  by  placing  the  door  at  some  angle  less  than  about  45°  with  the  hori¬ 
zontal  as  shown  in  Fig.  E.l(b).  An  alternative  to  the  cut  and  cover  method 
is  to  use  a  submerged  entranceway  placing  the  door  below  the  ground  level 
on  the  side  of  the  excavation  as  shown  in  Fig-  E.l(c).  The  latter  case 
has  the  obvious  disadvantage  that  the  excavation  may  serve  as  a  basin  to 
collect  surface  innoff ,  although  this  problem  could  be  lessened  by  placing 
the  hottan  of  the  excavation  lower  than  the  entrance  floor  level.  The 
entrance  tunnel  shown  in  (b)  may  be  shortened  by  placing  more  cover  over 
the  shelter.  Thus  the  cost  of  the  entrance  tunnel  must  be  weighed  against 
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the  cost  of  the  additional  fill  or  cover,  considering  both  the  radiation 

A 

through  the  shelter  roof  emd  ttirough  the  entranceway. 

Figure  E.l(d}  and  (e)  compare  the  lengths  of  door  and  of  entrance 
structure  for  a  horizonted  door  and  a  door  on  the  side  slope  of  a  cut  and 
fill  construction,  when  a  stairway  is  used.  The  difference  in  cost  in  this 
case,  as  far  as  the  door  and  entrance  tiinnel  only  are  concerned,  is  appar¬ 
ently  little  due  to  the  fact  that  the  door  in  (e)  must  be  designed  for  a 
reflected  pressure  whereas  the  horizontal  door  need  be  designed  only  for 
the  overpressure.  When  the  total  cost  of  the  overall  structure  itself  is 
considered,  the  cut  and  cover  method  in  (e)  will  be  generally  less  e^en- 
sive  since  the  original  excavation  required  for  the  shelter  itself  in  less 
than  that  required  for  (d). 

The  length  of  the  door  required  in  Fig.  E.l(a)  can  be  shortened 
ccxislderably  by  leaving  the  actxial  entranceway  open  and  by  placing  the 
door  in  the  Interior  of  the  entreinceway  tunnel.  The  location  of  a  door 
in  the  entrance  tunnel  proper  has  three  major  disadvantages;  (l)  the  door 
must  be  designed  for  the  full  reflected  pressure,  p^,  of  approximately 
five  times  the  overpressure  of  xOO  psi;  (2)  it  requires  a  separate  and 
Independent  structure  to  accommodate  the  door;  and  (jj)  tlie  fo\mdatlon  for 
the  door  to  resist  this  higher  pressure  is  more  difficult  to  fabricate. 

The  latter  two  disadvantages  may  be  pectially  resolved  by 
placing  the  interior  door  adjacent  to  the  shelter  proper.  This  eliminates 
the  need  for  a  break  in  the  entrance  structure  and  sin^ilifies  the  design 
of  a  door  Jamb  or  foundation  to  resist  the  total  reflected  pressure.  It 
poses  am  additional  problem,  however,  as  the  shelter  wall  itself  must  now 
be  significantly  strengthened. 


If  the  door  is  placed  at  the  exposed  end  of  the  entrance  tunnel, 
the  tunnel  itself  ntust  he  designed  to  minimise  the  possihility  of  collapse 
due  to  the  longitudinal  pressure  along  the  tunnel  resulting  from  the  blast 
pressure  on  the  door.  This  may  he  achieved  hy  placing  the  heavy  Jamb 
around  the  entrance  ttinnel  to  transmit  the  load  from  the  door  to  the 
soil  itself  and  hy  using  a  scmewhat  larger  cross  section  of  entrance 
tunnel  adjacent  to  the  door  than  that  used  in  the  interior  of  the  entrance 
tunnel.  The  larger  section  of  the  entrance  tunnel  will  slide  (telescope) 
sufficiently  to  prevent  the  full  longitudinal  force  from  being  applied  to 
the  remainder  of  the  entrancevay  tunnel. 
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APPENDIX  F 

BEHAVIOR  OF  UNDERGROUND  ARCHED  STRUCTURES 
UNDER  BLAST  LOADING 


INTRODUCTION 

This  appendix  includes  a  study  of  the  "behavior  of  completely 
burled  arches  and  conduits  under  the  effects  of  full  scale  nuclear  detona¬ 
tions,  To  date  a  relatively  minor  amount  of  information  pertaining  to  this 

particular  type  of  construction  exists.  However,  the  use  of  such  construc- 

/ 

tion  now  is  recognized  as  an  excellent  means  of  providing  economical  pro¬ 
tection  8 gainst  blast  phenomena.  As  a  result  the  knowledge  of  the  behavior 
of  con^jletely  buried  arch  structures  must  be  developed. 

The  first  subject  considered  in  this  appendix  is  an  evaluation  of 
the  design  criteria  presented  in  Ref.  (F.l)*.  This  evaluation  involves  a 
cong)arlson  of  the  observed  results  obtained  in  Operations  Plumbbob  and 
Hardtack  with  con^mted  resvilts  using  the  currently  available  criteria.  It 
was  obvious  from  this  comparison,  especially  when  the  con^juted  results  were 
extended  to  include  larger  weapon  yields,  that  although  the  existing  design 
procedure  was  sin^ile,  it  generally  yielded  results  which  were  too  conserva¬ 
tive.  That  is,  the  computations  indicate  a  larger  resistance  must  be 
provided  in  the  struct\ire  than  was  evidenced  by  the  behavior  of  these 
struct\ires  under  actvial  test  conditions.  Therefore,  it  was  necessary  to 
modify  the  existing  design  procedure  to  take  account  of  the  observed 
behavior. 


■^-Numbers  in  parentheses  refer  to  the  corresponding  entry  in  the  List  of 
References  for  this  appendix. 
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It  was  conceived  that  the  conservatism  of  the  existing  criteria 
might  result  froa  the  implicit  assiuaption  that  the  fotindations  did  not 
move,  an  assumption  which  yields  an  upper  hound  solution  for  stmctures 
in  soil.  For  any  structure  founded  in  soil  it  is  obvious  that  some  motion 
of  the  footings  must  occur.  This  motion  would  of  course  reduce  the  forces 
acting  along  the  upper  surface  of  either  an  arched  or  rectangular  struc¬ 
ture.  A  method  of  accounting  for  this  footing  motion  is  developed  in  this 
appendix,  and  this  method  appears  to  give  net  pressures  acting  on  the 
structure  which  are  on  the  seife  side  when  the  results  of  this  method  are 
conqprred  with  the  few  free  field  meastirements  which  are  available.  The 
derivation  of  this  procedure  is  described  completely  herein. 

Finally,  strength  predictions  for  the  buried  arches  and  conduits 
which  were  tested  In  Operations  Plumbbob  and  Hardtack  based  upon  material 
properties  for  these  structures  are  presented.  These  strength  predictions 
are  cOT5>eured  with  the  actual  test  e^^jerience,  the  computed  results  obtained 
by  a  consideration  of  the  "upper  boxmd"  solution,  and  the  computed  resxilts 
for  a  hypothetical  weapon  of  large  megaton  yield. 

RESULTS  OF  "UPPER  BOUND"  SOLUTION 

The  assuii5)bion,  implicit  in  the  procedure  given  in  Ref.  (F.l), 
that  the  footings  of  the  struct'ure  are  immovable  constitutes  an  upper 
bound  since  the  bearing  pressure  developed  under  the  footing  will  deform 
soil  to  ..  .  .  '.cnt  which  depends  upon  the  size  of  the  footing  and  the 

forces  acting  on  the  structure.  Generally  conipletely  buried  construction 
is  economically  feasible  for  relatively  high  overpressures.  The  exact  over¬ 
pressure  where  complete  burial  becomes  feasible  depends  oh  many  factors  which 
must  be  evaliiated  for  each  particular  site.  However,  it  appears  likely  that 
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underground  protection  should  he  seilously  considered  for  overpressures  in 
excess  of  JO  psi.  Bata  are  relatively  non-existent  for  the  displacement 
inparted  to  the  soil  hy  the  air-hurst  of  a  nuclear  weapon,  hut  in  Shot 
Priscilla  of  Operation  Plumbhoh,  a  transient  displacement  of  the  ground 
surface  of  approximately  J  in.  was  observed  at  the  125  psi  overpressure 
level.  This  meas\xrement  was  obtained  where  there  were  no  structures  hxiried 
below  the  ground  surface.  It  is  obvious  that  had  there  been  a  structure 
located  flush  with  the  grour.d  surface  at  the  point  of  this  measurement, 
and  supported  by  footings  smaller  than  the  roof  area,  the  transient  dis¬ 
placement  of  the  structure  would  have  exceeded  the  J  in.  actxially  recorded. 

Despite  this  measurement  frcm  which  significant  motion  of  the 
structure  could  be  inferred,  it  seemed  desirable,  for  the  sake  of  sinpli- 
city  and  for  developing  a  quantitative  feeling  for  the  problem,  to  assume 
that  no  vertical  motion  of  the  structures  would  occur.  Furthermore,  if  the 
bovmds  to  the  solution  of  a  problem  are  separated  by  an  amount  which  is 
conparable  to  the  degree  of  accuracy  to  which  the  input  data  can  be  speci¬ 
fied  there  is  no  Justification  for  considering  more  than  these  bounds. 
Accordingly  the  criteria  specified  in  Ref.  (F.l)  were  applied  directly  to 
the  burled  arches  and  conduits  tested  In  Operations  Plumbbob  and  llai'dtnck. 
Since  all  of  these  structures  fulfilled  the  criterion  for  complete  burial 
only  the  direct  conpression  mode  of  loading  (the  mode  causing  only  hoop  com¬ 
pression  in  the  arch  rib)  was  considered.  Tlie  peak  overpressure  acting  at 
the  ground  surface  which  would  cause  failure  by  general  yielding  (assumed 
to  be  defined  by  p  =  5  for  reinforced  concrete  and  by  p  =  20  for  steel)  of 
the  arch  rib  to  be  imminent  was  conputed  for  weapon  yields  ranging  from 
moderate  kiloton  to  large  megaton  values.  The  results  of  this  compu.tatior. 
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for  the  smallest  and  largest  yields  considered  are  shown  in  Table  F.l 
under  the  column  entitled  Footings  Immovable.  These  resxilts  are  slightly 
in  error  because  the  overpressures  for  the  steel  stract'ures  have  been 
modified  from  the  original  coB3)utatlons  by  multiplying  by  the  ratio  of 
the  probable  yield  strength  of  1^0  ksl  to  the  assumed  yield  strength  of 
60  ksi.  This  modification  is  not  rigorously  correct  since  a  cheinge  in 
overpiessure  would  necessitate  genercilly  a  minor  chstnge  in  the  effective 
duration  of  the  forcing  function.  However,  the  latter  effect  was  neglected 
since  it  would  not  euffect  seriously  the  relative  magnitudes  of  the  values 
or  the  conclusion  derived  from  them.  The  necessity  for  making  this  yield 
strength  correction  resvilted  from  the  fact  that  at  the  time  the  original 
computations  were  performed  neither  the  exact  material  nor  its  approximate 
strength  properties  were  known.  At  that  time  it  was  assumed  the  material 
was  normal  structural  grade  steel;  and  because  of  the  high  strain  rate 
associated  with  the  test  and  the  work  hardening  introduced  in  forming  the 
corrugations,  a  yield  strength  of  60  ksi  was  used.  Subsequently  it  was 
learned  the  materieil  used  was  essentieily  commercially  pure  iron  which 
has  a  static  yield  strength  of  25-50  ksi  in  the  corrugated  state.  The 
dynamic  increase  in  yield  strength  accounts  for  the  40  ksi  mentioned 
above . 

The  following  discusses  briefly  the  behavior  of  the  corrugated 
arches  which  were  tested  in  Operations  Hardtack  and  Plxiaibbob.  Becatise  of 
their  inportance,  the  strength  characteristics  of  these  arches  is  summar¬ 
ized  in  detail  here.  The  tension-shear-bearing  (T:S:B)  ratio  for  standard 
Armco  details  were  computed.  The  results  of  these  coiip\ltations  are  given 


below. 
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As8UiQ>tlons : 

o  *40  ksl  under  dynamic  conditions  for  general  yielding  of 
^  plate 

T  ■  60  ksi  under  dynamic  conditions  on  the  shank  of  hig^ 

^  strength  holts 

T  ■  45  ksi  under  dynamic  conditions  on  the  shank  of  standard 
^  structural  bolts 

0^  m  170  ksi  \mder  dynamic  conditions  for  beeuring  of  bolts 

(a  25^  increase  in  static  values  wais  assumed  uniformly  above 
in  infenring  the  dynamic  yield  strengths). 

For  10  ga  material  (Used  in  Hardtack  5.2a,  b,  and  c,  aid  in 
Plumbboto  5*54):  • 

ic 

Allowable  tenslon(or  compression)  =  T  =  40  x  2.003  =  60  /ft 
Allowable  shear  on  bolts  =  S  =  4  x  0.44  x  45  =  79.2^/fb* 
Allowable  bearing  on  bolts  =  B  =  4x0.75  3C  0.155  x  I70  = 

69.0^/ft. 


T:S:B  =  1:0.99:0.86 

For  1  ga  material  (Used  in  Hardtack  3 *21  only). 

•  The  report  does  not  state  the  number  of  bolts  used  in  the 

longitudinal  Joints  for  this  structure.  However,  the  pic- 
tvires  in  the  reference  indicate  a  6  bolt/ft.  Joint.  These 
Joints  were  bolted  with  high  strength  bolts. 

Allowable  tension(or  conroression)  =  T  =  4.118  x  40  =  l65^/ft 

Allowable  shear  on  bolts  =  S  =  6  x  0.44  x  60  =  158^/ft 

Allowable  bearing  on  bolts  =  B  =  6  x  0.75  ^  O.276  x  I70  = 

211  V^t. 

T:S:B  =  1:0.96:1.28 

Thus  the  above  values  indicate  that  the  Joints  are  essentially 
baa.anced  in  design  with  regard  to  "tension"  and  shear.  Also  the  10  ga 


■^Ccsnputed  for  standard  bolts  only  since  standard  bolts  were  used  in  the 
10  ga  Hardtack  and  Plumbbob  structiires. 
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structures  are  critical  in  "bearing  while  the  1  ga  structure  is  critical  in 
shear  or  in  general  yielding  of  the  plate.  In  the  Hardtack  tests  the 
three  10  ga  structures  (3.2a,  h,  and  c)  all  had  evidence  of  "bearing  fedl- 
ures  in  the  Joints.  One  picttire  Ref.  (F.2)  shows  the  belt  holes  severely- 
elongated  and  appcurently  the  bolts  actually  fell  avay  frean  the  joint.  This 
laust  observation,  however,  probably  occurred  during  the  negative  phase  or 
during  the  excavation  of  the  structure  following  the  test.  Failtire  of  the 
1  ga  structure  (3»2d)  apparently  was  by  general  yielding  of  the  plate,  but 
the  final  shape  of  this  structxire  was  unusual  in  that  it  corresponds  alnost 
exBWitly  to  -the  configuration  to  be  eypected  had  the  structure  failed  in 
its  second  mode  by  buckling.  Normally  a  structure  which  has  an  average 
depth  of  cover  of  one-fourth  the  span  would  not  be  expected  to  fail  by 
buckling  since  the  deformations  associated  with  the  buckling  would  mobilize 
resistance  in  the  soil  which  would  prevent  this  buckling.  It  is  interest¬ 
ing  to  note  that  the  critical  buckling  loads  of  these  arches  under  uniform 
extenml  pressure  without  earth  cover  would  be  5*6  psl  and  psl  for  the 
10  ga  and  1  ga  structures  respectively  in  the  second  mode.  The  static 
overburden  (based  on  average  depth  of  buried)  would  produce  static  uniform 
loads  of  5*2  and  6.1  psi  respectively  on  the  10  ga  and  1  ga  arches.  As 
already  mentioned  however  this  overburden,  although  sufficient  to  produce 
buckling  if  it  were  applied  as  a  fluid  pressure,  prevents  buckling  by  ^-ir- 
tue  of  its  ability  to  mobilize  strength  through  deformation.  Thus,  even 
though  the  final  deflected  shape  and  the  preceding  values  of  load  indicate 
that  failxire  occurred  by  buckling,  it  is  believed  to  be  merely  a  curious 
coincidence.  Instead  it  seems  more  reasonable  on  the  basis  of  the  follow¬ 
ing  considerations  to  explain  the  observations  pertaining  to  Structure  5 •2d 


on  the  hasls  of  the  initial  deformations  produced  as  a  result  of  the  hack- 
filling  which  actxially  triggered  the  failure. 

Fixm  Table  2.3  of  Ref.  (F.2),  it  may  he  shown  that  the  crown  of 
structure  3. 2d  was  displaced  upward  hy  9.2  In.  while  at  the  quarter  points 
the  arch  was  displaced  inweurd  hy  4.3  in.  on  the  "lee”  side  and  hy  4.9  in. 
on  the  "windward"  side.  These  deformations  are  three  or  more  times  the 
similsa*  deformations  for  the  three  lighter  structtires.  These  deformations 
indicate  hy  their  magnitvde  and  their  direction  that  failure  co\lld  have 
been  imminent  under  the  static  loads  and  the  final  failed  configuration  is 
a  magnification  of  these  initial  displacements.  Furthermore,  it  is  diffi¬ 
cult  to  conceive  the  shock  loading  causing  the  observed  failure  had 
these  inltiaJL  displacements  not  been  present.  This  observation  enphasizes 
the  necessity  of  retaining  the  initial  circular  shape  hy  interior  shoring 
and/or  preloading  the  crown  of  light  gage  structures  during  backfilling. 

Using  the  methods  given  in  Ref.  (F.l)  gives'the  estimated  over¬ 
pressures  to  caxise  failure  of  the  Hardtack  and  Plumbboh  structures  shown 
in  Table  F.2. 

A  corollary  of  the  great  significance  to  the  subject  contract 
from  the  above  tests  and  observations  is  that  it  is  impossible  to  provide 
the  desired  overpressure  protection  in  the  size  of  structure  required  by 
use  of  unstlffened  light  gage  corrugated  metal  arches.  The  desired  pro¬ 
tection  can  be  obtained  in  stiffened  corrugated  arches,  but  the  considera¬ 
tions  of  weight,  ease  of  construction  and  versatility  continue  to  indicate 
that  the  steel  arch  ribs  supporting  timber  blocks  are  the  most  practical 
configuration  for  the  structure  required. 


The  con^tations  sunonarized  in  Tables  F.l  and  P.2  illustrate  that 
for  the  particular  structures  considered  a  moderate  kiloton  weapon  produces 
a  forcing  f\mction  of  practically  an  infinite  duration  on  the  structure. 
That  is,  the  peak  overpressure  causing  fallvire  from  a  moderate  kiloton 
weapon  is  practically  the  same  as  that  from  a  large  megaton  weapon.  Test 
experience  with  other  types  of  construction  indicates  that  this  near  equatL- 
ity  of  oveipresBure  shoxild  not  occur;  for  failure  with  a  large  megaton 
weapon  the  peak  overpressure  should  be  significantly  less  than  the  peak 
overpressure  for  failure  from  a  moderate  kiloton  weapon.  Therefore,  it 
was  desirable  to  obtain  a  procedure  which  was  more  dependent  on  weapon 
yield.  The  development  of  this  procedure  follows  immediately. 


THEORETICAL  EFFECT  OF  FOOTING  MOTION 

It  has  been  observed  Ref.  (F.3)  that  the  rise  time  (the  time 
required  for  the  stress  to  build  up  from  zero  to  its  maximum  value)  of  the 
vertical  stress  in  soil  increases  as  the  depth  below  the  ground  surface 
increases.  If  it  is  assumed  that  this  increase  is  linear  with  depth,  the 
geometry  shown  in  Fig.  F.2  specifies  for  an  ideal  shock  wave 


(1) 

m 

In  an  unpuhliehcd  study*  performed  by  Capt.  J.  E.  Maloney,  CE,  USA,  while 
a  student  at  the  University  of  Illinois,  it  was  shown  that  the  duration  of 
i'  triangul;  -ce  pulse  which  reproduces  the  area  \inder  an  ideal 
pressure-time  curve  as  defined  in  Ref.  (F.^)  may  be  stated  as 


*A  more  recent  study  (Ne’-mark  and  Hall,  "Preliminary  Design  Methods  for 
Underground  Protective  Structures,  I96I  Revision,"  AFSWC  TDR  62-6)  gives 
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for  p^  not  less  than  50  psi. 
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5 - 275”  than  JO  psi 
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(2) 


'^m 


where  ■  duration  of  triangular  force,  sec. 

W  »  weapon  yield,  MT 

p  =  peak  alde-on  overpressure,  psi 
za 


Substituting  (2)  into  (l)  yields 


d  p  ■^m 


(3) 


m 


In  Ref.  (F.J)  valties  of  p/p^^  have  been  evaluated  as  a  function  of  depth 
for  overpressures  of  100  and  200  psi  produced  by  hypothetical  weapons  of 
40,  1000,  and  JOOO  kt  yield.  The  value  of  k  is  determined  from  these 
data  in  Table  F.J  where  it  is  seen  that  this  quantity  may  be  taken  as 


-4 

k  =  l8  X  10  for  d  not  in  excess  of  JO  ft. 


(4) 


It  was  found  in  making  the  ccoputations  in  Table  F.J  that  k  was  very 

sensitive  to  small  changes  in  p  /p  but  that  p  /p  was  quite  insensitive  to 

m  ® 

large  changes  in  k.  Therefore,  treating  this  peirameter  as  constant  is 
Justified.  However,  the  data  in  Ref.  (F.j),  as  one  would  expect,  indi¬ 
cate  attenuation  of  vertical  stress  with  depth  in  soil  is  not  linear.  An 
assumption  of  linearity  seems  reasonable  though  up  to  a  depth  of  JO  ft. 
Therefore,  Eq.  (4)  is  restricted  to  depths  of  0  to  JO  ft. 

■Pquating  (4)  yields 

18  X  10" ^p  ^/^d 

f/Pjj^  =  1 - ^ — yyv -  for  d  not  in  excess  of  JO  ft. 


(5) 
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This  last  equation  cjqpreeses  the  attenuation  of  vertical  stress  in  soil,  but 
since  the  data  in  Ref.  (F.5)  were  derived  for  a  soil  with  a  seismic  velocity 
of  2000  ft. /sec,  Eq.  (5)  is  probably  only  applicable  for  soils  possessing 
approximately  this  seismic  velocity.  Since  the  practical  range  of  this 
velocity  for  soil  is  approximately  1000  to  5000  ft. /sec,  however,  Eq.  (5) 
could  represent  a  reasonable  average  for  most  soils, 

Nov  the  response  of  a  slngle-degree-of -freedom  system  of  the 
type  shown  in  Fig.  F.l  subjected  simultaneously  to  an  applied  force  and  a 
base  motion  is  expressed  by  the  differential  equation 


mu  +  f(u)  =  p(t)  -  mx  (6) 

where  m  =  mass 

u  =  relative  displacement  of  mass  and  base 
p(t)  =  forcing  function  applied  to  mass 
X  =  absolute  acceleration  of  base 

Thus,  the  net  force  acting  on  such  a  system  is  expressed  by  the  difference 
between  the  applied  force  and  the  inertia  force  resulting  frco  the  accelera¬ 
tion  of  the  base. 

Also  in  Ref.  (F.5)  it  is  shown  that  the  acceleration  of  the  soil 
is  directly  proportiona.1  to  the  slope  of  the  pressure-time  curve,  or 


where 


X  =  0.553 

X  =  acceleration,  in./sec^ 

Ap  =  change  in  pressure,  psi 
At  =  change  in  time,  sec. 


At 


(7) 


Now  if  we  let  and  d^,  be  two  different  depths  below  the  ground  surface  in 
Tr-rr!  ^  nmy  I"’  tJi itui  1  rui.’ Lr.il  ri'isii  which  tiho  Vttltteii  ot  thft  pOti  1  |.l  ve 
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and  negative  (x^)  accelerations  at  a  depth  dg  are  confuted.  Thus  in  Pig.  F.3 
the  curved  transitions  at  the  value  of  peak  pressure  are  assumed  to  avoid  a 
Jturp  discontinuity  in  the  accelerations.  The  net  pressure  curve  acting  at 
a  depth  d^  resulting  from  the  above  derivation  is  shown  in  Fig.  F.li  wherein 
the  significance  of  p  and  p*  are  noted. 

— ?7r^] 


1 

..  ^  1  m 

=  19  '^TT 

From  Eq.  (6)  and  by  observing  Fig.  F.4  it  may  be  stated 


p  s  Pg  + 

18  X  10“5p  2/5 

p/p^  =  1 - -  (dg  -  300m)  (9) 

But  if  the  mass  of  on  arch  rib  is  small  in  conqparison  to  the  mass  of  the 
soil  overburden  which  it  genereOJLy  is  for  structures  meeting  the  criterion 


for  complete  burial. 


m  s  180  X  lO'^ 


2 

where  m  =  mass  in  lb-sec  -  in. 


d^=  average  depth  of  overburden,  ft. 


Therefore ; 


p/u  =  1  - 
-m 


i8  X  lo'^p  a, 

- 


It  should  be  noted  that  Eq.  (9)  csn  yield  a  zero  or  even  a  nega¬ 
tive  value  of  p  for  certain  combinations  of  the  variables.  When  this  occurs. 


16? 


p’  may  ’become  the  Tiwnriimnn  net  pressure  Instead  of  p;  from  Eq.  6  as  Illus¬ 
trated  in  Fig.  F.4t 


■  ^ 


18  X  10’ 


r5p  2/5 


(300m  -  a^) 


(11) 


Or  neglecting  the  mass  of  the  arch  rib 


p’/p„ 


,  9xl0-5p^2/3^ 


(11’) 


A  criterion  could  he  established  to  define  the  range  of  applica¬ 
bility  of  Eq.  {9')  or  (11')*  However,  it  seems  slnqjler  to  coorpute  the 
magnitude  of  both  p  and  p’  and  to  use  the  maximum  value  of  the  two. 

C(M>ARIS0N  OF  THEORETICAL  EFFECT  OF  FOOTING  MOTION  AND  MEASUREMENTS  IN  SOIL 
The  procedure  derived  above  cannot  be  compared  directly  with  the 
results  of  the  tests  of  arches  and  conduits  in  Operation  Plumbbob  since  in 
most  instances  the  accelerations  of  the  footings  were  not  measured  direct! 
Yet,  the  measurements  in  the  soil  where  there  was  no  structure  (l.e.,  the 
free  medium)  provide  a  means  of  empirically  checking  the  above  procedure. 

In  Operation  Plumbbob  both  Sandia  Corporation  (Ref.  F.6)  and  Stanford 
Research  Institute  (Ref,  F.7)  measured  free  medium  accelerations  at  several 
depths  below  the  ground  siirface  at  ranges  corresponding  to  specified  values 
of  surface  overpressure.  From  these  data  the  net  pressure  acting  in  the 
free  medium  at  some  depth  d^  below  the  ground  surface  taking  account  of  the 
motion  at  some  greater  depth  d^  hclow  the  surface  consistent  with  the  vaJ.ues 
derived  in  the  preceding  section  could  he  computed.  The  depth  below  the 
ground  surface  chosen  for  computing  the  net  pressirre  was  five  feet  which 


correwonta  to  the  aopth  ot  turlal  of  the  arches  «>a  oooaults 

tested  in  Operation  Pln^hoh.  The  depth  d^  van  chosen  to  correspond  to 
the  depth  at  vhieh  acceleratlcn  neasurcments  vere  tshsn. 

The  net  pressure  cospotatlon  ms  carried  out  hy: 

(a)  Deternlnlng  the  attenuation  of  vertical  stress  In  a  depth  of 

5  ft.  from  Ref.  (F.5)» 

(h)  Ccnstructlng  a  curve  for  vertical  stress  at  a  depth  of  5  ft. 
hy  todlfylng  the  ordinates  of  the  measured  surface  overpres¬ 
sure  hy  the  amount  of  attenuation  from  (a).  At  the  same 
time  sU  coordinates  of  the  surface  overpressure  vere 
advanced  hy  5  msec,  to  account  for  the  ohs.rved  seismic 
velocity  in  thr  iurface  layers  of  Frenchman's  Flat  of 
1000  ft. /sec. 

(c)  Constructing  a  curve  shoving  the  variation  vlth  time  of 
the  product  of  the  mass  of  soli  to  a  depth  of  5  ft-  and 
the  acceleration  at  the  depth  vhere  the  acceleration  rBs 

measured. 

(d)  Suhtractlng  algehralcally  the  curve  discussed  In  (c)  from 
the  curve  discussed  In  (h)  to  find  the  net  pressure  varia- 

tion  with  time. 

Since  attenuation  vlth  depth  is  defined  in  Ref.  (F.5)  fee  only  the 
100  and  200  psl  overpressure  levels  only  these  overpressures  vere  considered 
in  this  net  pressure  cotputatlon.  In  Fig.  F.-  the  net  pressures  and  the 
measured  surface  overpressures  are  compared  for  these  tvo  cases.  It  viU 
he  noted  that  the  net  pressures  are  80  and  50  percent  of  the  measured  over- 
for  100  and  200  psl  respectively.  These  percentages  compare 


pressure 
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favoraibly  with  the  maxiimiia  values  coogputecl  from  Eq.  (9’)  aad  (11');  namely, 
86  percent  for  hoth  pressure  levels  considered.  Note  the  difference  in 
for  the  two  cases  stated  in  Fig.  P.5.  The  theoretical  value  is  decidedly 
high  in  the  second  case;  yet  its  use  is  obviously  consez*vatlve.  Figure  F.5 
iUxistrates  that  the  shape  of  the  net  pressure  curve  may  be  decidedly 
different  from  the  shape  of  the  surface  overpressure  curve.  However,  these 
two  con5>arison8  indicate  the  effective  durations  of  the  net  pressxxre  may 
be  somewhat  leas  than  the  comparable  duration  of  the  overpressure;  thus  use 
of  the  effective  duration  of  the  overpressure  in  conjunction  with  the  net 
pressure  would  appear  to  be  a  conservative  assumption.  This  assunption  is 
made  in  the  following  conputations  which  compare  the  results  of  the  tests 
of  the  arches  and  conduits  in  Operation  Plumbbob  with  strength  predictions 
based  upon  the  method  developed  esurlier  in  this  appendix. 

CCWPARISON  OF  THEglETICAL  EFFECT  OF  FOOTING  MOTION  AND  OBSERVED  BEHAVIOR 
OF  ARCHES 

The  preceding  derivation  considers  only  the  behavior  of  the  soil 
with  no  structure  present.  However,  if  perfect  coupling  between  the  soil 
and  a  structvire  buried  in  the  soil  is  assumed,  the  procedure  developed 
may  be  applied  to  determine  the  net  forces  on  the  structxire.  In  this  sec¬ 
tion  a  comparison  of  the  results  obtained  frcsn  this  assroption  is  presented. 

Nineteen  arch  and  conduit  sections  were  tested  in  Shot  Priscilla 
of  Operation  Plxmbbob.  Seven  of  these  were  semi-circular  arches  of  which 
^  "ere  fabricated  from  reinforced  concrete  (Ref.  P.8)  and  three  were 
fabricated  from  corrugated  metal  (Ref.  F.9).  On  the  latter  three,  two 
contained  rolled  sections  which  formed  circumferential  stiffeners.  The 
remaining  twelve  sections  tested  (Ref.  F.IO)  were  divided  among  three 


ITO 

circular  reinforced  concrete  eections,  two  circtilar  corrugated  metal  sec¬ 
tions,  and  seven  corrugated  metal  "cattle  pass"  sections.  All  of  these 
structvires  met  the  criterion  of  fvill  burial  specified  in  Ref.  (7.1). 

The  dynamic  resistance  euad  nattrral  period  of  vibration  of  these 
sections  coiqputed  on  the  assumption  of  hoop  compression  is  summarized  in 
Table  F.4.  For  the  cornigated  metal  sections  two  modes  of  failure,  general 
yielding  of  the  plate  material  and  shearing  of  the  bolts  across  their 
shank  diameter,  were  considered.  Only  these  modes  of  failure  were  con¬ 
sidered  as  a  result  of  the  conclusion  that  buckling  of  buried  structures 
of  practical  proportions  is  highly  improbable  and  that  bearing  failure  of 
bolted  Joints  acting  in  conyression  can  hardly  cause  primary  failure  of 
the  Joint. 

There  is  reason  to  believe  that  failure  of  steel  in  shear  would 
exhibit  less  dtoctillty  them  failure  tinder  direct  stress  or  bearing.  As 
a  result  failure  of  such  structures  would  probably  be  governed  by  shearing 
of  the  bolts  under  dynamic  conditions  provided  that  the  amount  of  friction 
developed  in  the  Joint  is  sufficiently  small  to  allow  the  bolts  to  go 
into  shear. 

If  buckling  of  the  reinforced  concrete  sections  is  impossible, 
and  from  the  observed  behavior  it  certainly  appears  it  is,  these  sections 
could  fail  only  by  crushing  of  the  concrete  under  the  action  of  the  direct 
stress.  The  conputed  resistance  and  natural  period  of  vibration  for 
these  sections  in  Table  F.4,  therefore,  are  baised  on  this  mode  of  failure. 

By  use  of  the  dynamic  strengths  summarized  in  Table  F.4,  the 
overpressure  levels  necessary  to  cause  failvire  of  the  arches  and  condviits 
tested  in  Operation  Plumbbdb  wei-e  conputed  using  the  net  pressures  defined 
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earlier.  In  the  original  con^mtations  the  strength  of  the  Joints  with 
structural  holts  was  assmed  to  occur  at  a  shearing  stress  of  30  ksi.  How¬ 
ever,  the  actual  strength  based  upon  the  test  results  (Ref.  F.ll)  appears 
to  he  45  ksi.  As  a  resvdt  the  overpressures  from  the  original  ccmputations 
were  increased  hy  the  ratio  of  these  stresses.  For  the  same  reason  given 
earlier  this  correction  is  not  rigorous  hut  the  error  introdiiced  in  this 
case  is  relatively  insignificant.  The  overpressure  levels  computed  on  this 
basis  are  ccmpared  in  Table  F.l  with  the  observed  levels  from  the  test  and 
with  the  levels  conputed  from  assianing  the  foundations  Immovable.  It  is 
apparent  in  this  conparlson  that  the  significance  of  the  effect  of  footing 
motion  Increases  ns  the  damage  preocuro  level  increar.eo. 

The  conputation  of  overpressure  level  causing  failure  In  burled 
arches  incorporating  the  effect  of  footing  motion  was  carried  out  in  the 
following  manner: 

(fj)  'i M  (;»-».«((»  M*  (<<  M(»(  v*i  Mf  |.|ni 

function  an  overpressure  level  is  assumed. 

(b)  The  maxlnnrm  value  of  the  net  pressure  (p)  acting  at  the 
average  depth  of  burial  of  the  arch  is  computed  from 

Eq.  (9')  or  (11*).  (For  the  "cattle  passes"  Eind  circular 
condxiits  the  average  depth  of  burial  was  assumed  to  be  the 
same  as  for  a  semi-circular  arch  with  the  same  radixis  as 
the  upper  portion  of  the  conduit.) 

(c)  Estimate  the  effective  duration  (t^)  consistent  with  the 
assumed  overpressure  level. 

(d)  Ccmpute  the  ratio  of  the  effective  duration  to  the  natural 
period  cf  vibration  of  the  structure. 


(e)  Assume  a  value  of  p  (the  ratio  of  fail\ire  deflection  to  the 
yield  deflection.)  For  reinforced  concrete  sections  \i  vas 
tedcen  to  he  5*  Five  was  also  used  for  the  metauL  st^uct^u:es 
failing  hy  shearing  of  the  holts.  For  metal  structures 
failing  hy  general  yielding  a  value  of  20  vas  assumed. 

(f)  From  Fig.  7  of  Ref.  (F.l),  the  values  of  the  ratio  of  tiiae 
of  maximum  response  (t  )  to  the  natural  period  of  vihration 

Ul 

and  the  ratio  of  the  maximum  net  pressure  (p)  to  the  yield 
_  resistance  (r)  of  the  structure  were  obtained. 

(g)  Conqpute  t  and  ccxtipare  it  to  t  .  If  the  assumed  t  approxi- 

m  e  e 

mately  reproduces  the  area  under  the  overpressure  curve  up 
to  t^  continue  to  (h);  if  it  does  not^  re-estimate  t^  and 
proceed  from  (d). 

(h)  Compute  p  and  compare  it  to  the  value  of  p  computed  in  (b). 
If  the  two  values  are  the  same  the  assumed  overpressure  is 
the  desired  answer;  if  they  are  not  the  same^  a  new  over¬ 
pressure  is  assumed  and  all  computations  repeated. 

DISCUSSION,  AND  CONCLUSIONS 

A  method  for  accoiinting  for  the  effect  of  footing  motion  upon 
the  response  of  buried  structures  was  developed  which  correlates  reason¬ 
ably  veil  with  measurements  in  the  free  medium.  It  also  estimates  a 
djimage  pressure  level  which  appears  consistent  with  the  observed  behavior 
of  the  fully  bviried  archer,  and  conduits  which  were  tested  in  Operation 
Plumbbob.  Somewhat  greater  confidence  in  this  method  would  be  established 
had  some  of  the  test  structures  actually  collapsed.  However,  the  deriva¬ 
tion  of  the  expressions  related  tc  the  net  pressures  is  entirely  rational. 
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(The  attenuation  stufly  in  Ref.  (F.5)  also  is  entirely  rational.)  so  that 
the  correlations  noted  seem  to  validate  the  procedure  at  least  within  the 
range  of  the  observations.  Yet  a  serious  question  exists  regarding  extra¬ 
polation  of  the  results  of  this  study.  It  already  has  been  noted  that  the 
linearity  of  the  dependence  of  rise  time  xipon  depth  must  be  limited  to 
depths  of  approximately  50  ft.  Since  the  theoretical  study  of  the  attenua¬ 
tion  of  vertical  stress  with  depth  was  limited  to  overpressures  of  100  and 
200  psi,  application  of  the  method  outside  of  this  range  was  inferred  on  the 
basis  of  the  theory.  The  attenuation  study  assumed  the  soil  remained  elastic 
xinder  the  dynamic  loading  and  the  ccmputed  attenuation  was  the  resvUt  of  . . 
three  dimensional  spreading  and  of  the  non-uniformity  of  the  distribution 
of  the  loeuiing  over  the  ground  surface. 

Some  permanent  deformation  of  the  ground  surface  was  observed 
in  Shot  Priscilla  at  both  the  100  and  200  psi  pressure  levels,  but  this 
deformation  was  relatively  minor.  There  is  a  small  amount  of  data  on  the 
subject,  but  the  existing  data  indicate  major  permanent  deformation  of 
the  ground  surface  in  Nevada  soil  is  limited  to  the  range  corre^onding 
approximately  to  the  maximum  radius  of  the  fireball.  This  observation 
might  suggest  an  upper  limit  to  the  overpressure  for  which  the  method  mi^t 
be  applicable  of  perhaps  1000  psi,  bvt  it  should  be  emphasized  that  the 
data  Justifying  this  limit  are  very  meager. 

The  non-uniformity  of  distribution  of  overpressure  over  the 
ground  surface  of  course  exists  for  all  magnitudes  of  pressure.  Yet  as 
the  level  increases  the  non-uniformity  of  the  ixiitial  phase  of  the  pressure 
becomes  decidedly  more  pronounced.  The  effect  of  the  initisJ.  decay  of  the 
overpressure  is  not  at  all  obvious  from  the  quantitative  standpoint  although 


it  Is  apparent  that  the  attenuation  must  decrease  with  decreasing  pressure. 
Study  of  the  develppment  of  the  theory  given  herein  Indicates  the  procedure 
does  specify  a  decreased  attenuation  as  the  overpressiure  decreases.  This 
results  from  the  fact  that  the  Increase  in  rise  time  is  a  linear  fxmctlon 
of  depth  alone.  Therefore,  at  the  same  depth  at  ranges  corresponding  to 
tvD  different  overpres8\u:^  levels,  the  rise  curve  would  intersect  the  decay 
curve  at  a  higher  percentage  of  the  peak  side-on  overpressure  for  the  smaller 
of  the  two  overpressures  because  of  the  lesser  rate  of  deceiy  of  the  smaller 
oveipressure .  This  phenomenon  is  Illustrated  in  Fig.  F.6  hy  noting  add.i- 
tlonally  that  the  actual  positive  phase  duration  is  practically  constant  for 
overpressures  In  excess  of  approximately  JO  psl.  Observation  of  this  Inpllclt 
behavior  of  the  theory  developed  herein  suggests  that  this  theory  may  be 
applicable  down  to  oveipressxire  levels  of  JO  psl.  The  limitation  of  Eq.  (2) 
specifies  the  magnitude  of  JO  psl  as  the  lower  boiind  on  overpressure. 

In  summary  therefore  It  may  be  stated  that  Eq.  (9’)  and  (H*) 
defining  the  net  press\ire  acting  on  a  fully  burled  structure  are  ^pllcable 
for  depths  below  the  ground  srurface  which  are  less  than  JO  ft.  and  for 
overpress\ires  ranging  from  JO  to  1000  psl.  Also  the  effects  of  footing 
motion  upon  the  net  forces  acting  on  a  structure  decrease  as  the  size  of 
weapon  Increases.  For  weapons  of  approximately  operational  size  this 
effect  becanes  practically  insignific£uit. 
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TABLE  F.l  COMPARISON  OF  DAMAGE  PRESSURE  LEVELS  WITH  OBSERVED 
EXPERIENCE  IN  OPERATION  PLUMBBQB 


Structure  No. 
and  Description 

Weapon 

Yield 

Overpressure  for 
Failure  by  General 
Yielding 

Max.  Observed 
Overpressure 

,  Overpressure  for 
Failure  by 
Shearing  of  Bolts 

Footings  Footings 
Immovable  Movable 

Footings 

Movable 

— 

psl 

psi 

psi 

psi 

5.1a,  b,  c,  and  n— 

Moderate 

480 

600 

190 

Buried  r/C  Semi- 
Circular  Arch — ■ 
8’-0”  radius 

kiloton 

Large 

megaton 

350 

350 

5.2e,  J,  and  t 

Moderate 

750 

1100^ 

136 

Buried  r/C  Pipe 

8'-0"  diameter 

kiloton 
Large  megaton 

580 

550 

— 

— 

3. 2d  and  h— - 

Moderate 

190® 

200 

136 

165a 

Bxiried  10  ga. 
Corrugated  Metal 

Pipe - 8’-0"  diam. 

kiloton 

Large 

megaton 

170* 

150 

•••••• 

130^ 

Moderate 

330*" 

400 

153 

450 

and  m - Bxiried 

10  ga.  Cororugated 
Metal  "Cattle  Passes" 
— 2 ’-6"  radius 

kiloton 

Large 

megaton 

250® 

250 

275 

3.3b - Buried 

Moderate 

70*" 

75 

56 

60^ 

10  ga.  Corrvigated 
Metal  Semi-Circular 
Arch  Without 
Stiffeners— 12 ’-6" 
radius 

kiloton 

Large 

megaton 

50® 

50 

45® 

Corrected  for  yield  strength  but  not  for  effective  duration.  Correcting  the  effec¬ 
tive  duration  would  result  in  a  somewhat  lower  velIuc  for  the  moderate  kiloton  case. 


result  possibly  outside  the  range  of  applicability  of  the  theoretical  e^qjression. 
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TABLE  F.2  COMPARISON  OF  DAMAGE  PRESSURE  LEVELS  WITH  OBSERVED 
OVERPRESSURE  IN  OPERATIONS  HARDTACK  AND  PLUMBBOB 


Structure  No. 

Overpressure  to  Cause 

U  =  5  U  "  20 

(Footings  Issnovable) 

Observed 

Overpressure 

Weapon 

Yield 

Operation  Hardtack: 

3.2a 

60  pel 

75  psi 

90  psi 

Low 

kiloton 

5.2b 

ho  psi 

50  psi 

78  psi 

Low 

megaton 

3.2c 

ho  psl 

50  psl 

180  psl 

Low 

megaton 

5. 2d 

60  psi 

70  psl 

100  psl 

Low 

megaton 

Operation  Plunibbdb: 

3.3b 

50  psl 

65  psl 

56  psl 

Moderate 

kiloton 
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TABLE  P.5  lETERMINATION  OP  THE  PARAMETER  It  FRCti  EQHATION  (3) 
AHD  FROM  DATA  IS  HEP.  {h) 


Weapon 

Yield 

Depth 

Peak  Side -on 
Overpressxire 

Ratio,  Peak  Stress 
at  Depth  (d)  to 

Peak  Overpresstire 

k 

kt 

ft. 

pal 

— 

aec-ft”^ 

40 

5 

100 

0.95 

0.00159 

40 

10 

100 

0.90 

0:00158 

4o 

15 

100 

0.85 

0.00159 

40 

50 

100 

0.65 

0.00117 

40 

5 

200 

0.90 

0.00200 

40 

10 

200 

0.82 

0.00180 

40 

15 

200 

0.75 

0.00168 

1000 

50 

100 

0,85 

0.00159 

5000 

50 

100 

0.83 

0.00159 
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TABLE  PA  DYNAMIC  PROPERTIES  OF  BURIED  ARCHES  AND  CONDUITS 
TESTED  IN  OPERATION  PLUMBBOB 


Structure 

Nvmber 

Ave.  Depth 
of  Burial 

Depth  to 
Footing 

Yield  Resistance 
General  Bolt 

Yielding  Shear 

Natural  Period 
of  Vibration 

— 

ft. 

ft. 

psi 

psi 

msec. 

3. la 

5.7 

12.7 

360® 

11.5 

3. lb 

5.7 

12.7 

360a 

— 

11.5 

3.1c 

5.7 

12.7 

360a 

11.5 

3. in 

5.7 

12.7 

360a 

— 

11.5 

3.2e 

.^8.4 

16.5 

55db 

6.4 

5-2;) 

8.4 

16.5 

550? 

6.4 

3.21 

8.4 

16.3 

550^ 

— 

6.4 

3. 2d 

8.4 

15.5 

130 

130 

16.0 

3.2h 

8.4 

15.5 

130 

130 

16.0 

3.2a 

8.0 

15.2 

220 

275 

9.0 

5.2b 

10.5 

17.7 

220 

275 

10.8 

3.2c 

8.0 

15.2 

220 

275 

9.0 

3.2f 

5.5 

12.7 

220 

275 

7.8 

3.2g 

8.0 

15.2 

220 

275 

9.0 

5.2k 

8.0 

15.2 

220 

275 

9.0 

5.2m 

5.5 

12.7 

220 

275 

7.8 

5.3b 

7.7 

17.5 

45 

45 

50.0 

^Resistance  defined  "by  crushing  of  concrete  for  f^  =  4^00  psi. 
^Resistance  defined  "by  crushing  of  concrete  for  f^  =  50OO  psi. 
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p(t} 


Djff«r«ntial  Eq.  Of  Motion: 

mU  +  f(u)  =  p{t)  =  mx 
m  =  supportec'  moss 
p(t)  =  force  applied  to  moss 
u  *  y  -X  =  relotive  displocemont 
of  moss  and  bose 
X  =  displacement  of  bose 
V  =  acceleration  of  bose 
y  =  displocement  of  moss 
y  =  acceleration  of  moss 


FIG.  F.l  MATHEMATICAL  MODEL  AND  NOTATION 
USED  IN  EQUATION  6. 


Pressure  Pressure  Pressure 


Time 

FIG.  F.2  GEOMETRY  OF  IDEAL  SHOCK  AND  IDEAL 
VERTICAL  STRESS  IN  SOIL. 


FIG.  F.3  IDEAL  VERTICAL  STRESS  AT  TWO  DEPTHS 
IN  SOIL  FOR  AN  INFINITE  SEISMIC 
VELOCITY  (d2>d,) 


Pressure,  psi.  Pressure,  psi. 


7A 

/' V 

f  p—  Approximots  Net 
'V/  Pressure  At  Depth 
^  Of  5  Feet. 


Time  After  Burst,  msec, 
(a)  100  psi.  Overpressure 


da  =  20  ft. 

W  =  Moderate  klloton 
p^=  100  psi. 


dj  =  10  ft. 

W  =  Moderote  kiloton 
p^=  200  psi. 
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APPENDIX  G 

SPACING  BETWEEN  BURIED  SOINJCTURES 


INTRODUCTION 

Where  a  number  of  structures  are  to  be  placed  in  the  same  general 
enrea,  it  becomes  necessary  to  consider  the  spacing  required  between  then  in 
order  that  the  structural  behavior  under  dynamic  conditions,  considered  in 
the  design  of  the  structures,  can  be  mobilized  and  in  order  to  insure  that 
the  resistance  of  the  soil  required  to  develop  the  strength  of  the  struc- 
t\ires  will  be  available.  In  general,  no  serious  problems  exist  insofar  as 
arch  structures  are  concerned  placed  end  to  end  in  a  single  line.  The 
forces  on  the  end  bxilkheads  of  adjacent  structures  are  not  seriously 
effected  by  the  placing  of  an  adjacent  structure.  However,  the  situation 
is  not  so  sinqjle  when  airch  structures  are  placed  side  by  side.  The  reason 
for  this  is  that  the  behavior  of  the  eurch,  supported  by  the  soil,  involves 
thrusts  and  cocqjressions  in  the  soil  over  the  arch  which  must  be  trans¬ 
mitted  to  the  adjacent  soil  at  or  abov  the  lc\’?l  of  the  footings.  If 
an  adjacent  arch  barrel  intersects  the  line  of  thrust  mobilized  in  the 
soil,  this  implies  greater  radial  loads  on  the  adjacent  arches,  with 
consequent  greater  tendencies  to  deflect  or  to  fail. 

It  is  the  p\irpose  of  this  Appendix  to  e:q)lain  the  basis  for  the 
recommendations  regarding  spacing  between  bui’ied  flexible  structures. 
Unfortunately,  adequate  data  for  a  rigorous  definition  of  this  problem 
are  not  available,  either  from  field  test  or  from  analysis.  Hence,  the 
development  presented  herein  is  heuristic,  and  the  recommendations  are 
based  primarily  on  Judgment  and  e3q)erience. 
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MCgg;  OF  ACTION  OF  BURIED  FLEXIBI.E  STRUCTURES 

For  a  flexible  structure  buried  below  the  stirface  of  a  mound  or 
below  the  horizontal  surface  of  the  soil,  the  loading  on  the  structure  con¬ 
sists  primarily  of  a  nearly  viniform  verticeLL  con5)res3lve  force,  varying  with 
time,  with  corresponding  lateral  or  horizontal  forces  of  a  somewhat  smaller 
magnitude,  depending  on  the  characteristics  of  the  soil  cover.  There  is 
a  small  ccm5)onent,  lasting  briefly,  of  an  unbalanced  vertical  force,  greater 
on  one  side  than  on  the  other,  which  tends  to  produce  an  unsymmetrical  or 
deflection  type  of  response.  In  the  case  of  a  structvire  under  a  moxind, 
because  of  the  longer  duration  dynamic  forces  acting  on  the  mound,  the 
unsymmetrical  loading  on  the  structure  may  last  for  a  longer  time. 

However,  in  either  case,  the  deflection  of  the  structure  consists 
essentially  of  a  major  and  a  minor  ccsnponent.  The  major  component  is  a 
compression  more  or  less  viniform  around  the  structure,  which  tends  to 
shorten  the  arch  axis,  and  which  tends  clLso  to  push  the  footings  down 
into  the  soil.  The  con^iression  mode  of  deformation  is  symmetrical.  The 
stresses  in  the  structure  must  not  exceed  those  causing  a  general  yielding 
of  l.li«  entire  arch  in  this  mode,  or  else  the  structure  will  be  ablo  to 
deform  unsymmetrically,  or  buckle,  by  permitting  one  or  the  other  hsilf 
of  the  arch  to  push  through  into  the  opening. 

The  second,  and  generally  minor,  mode  of  deformation  involves  a 
lateral  displacement  of  the  arch,  bulging  inward  on  one  side  and  outward 
on  the  other.  This  arises  from  unsymmetrical  loading. by  the  forces 
enveloping  the  structure.  However,  even  thou^  the  loading  mi^t  tend 
to  be  unsymmetrical,  the  bulging  outward  of  the  arch  tends  to  push  the  soil 
up  and  out  also,  and  generates  a  passive  resistance  in  the  soil  which  tends 
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to  reduce  the  unsymmetrical  canponent  of  deformation  and  vhlch  makes  the 
resultant  loading  more  nearly  symmetrical.  Hence >  vhen  the  structure  is 
properly  backfilled,  and  where  there  is  a  sufficient  depth  of  cover  over 
it,  lateral  deformations  and  deflections  are  Inhibited  and  the  net  defor¬ 
mation  is  primarily  con^recsion. 

The  amotint  of  cover  that  is  sufficient  to  cause  the  structure  to 
deform  nearly  uniformly  is  a  matter  that  depends  on  the  type  of  material, 
the  way  it  is  treated  in  the  backfill,  and  the  configuration  of  the  fill  or 
mound  over  the  structure.  However,  on  the  basis  of  field  test  data  and 
approximate  analysis,  an  amoiint  of  cover  of  the  order  of  l/8  of  the  span 
over  the  crown  of  the  arch  will  generally  be  sufficient  to  mobilize  the 
resistance  of  the  soil  and  to  prevent  any  large  unsymmetrical  deformation. 
Under  certain  circumstances,  even  a  smaller  depth  of  cover  will  be  suffi¬ 
cient,  but  only  rarely  unless  the  cover  is  very  poor  and  very  poorly  placed 
will  additional  cover  be  required  beyond  this  amoxmt  in  order  to  inhibit 
the  lateral  deformation.  The  mere  mass  of  the  materiEil  that  has  to  be 
moved,  with  the  amount  of  cover  specified  above,  will  tend  to  prevent  or 
Inhibit  dynamic  lateral  deformation  even  though  it  may  not  be  sufficient 
to  inhibit  static  lateral  deformation.  Nevertheless,  extensive  void  spaces 
or  very  soft  material  on  one  side  of  the  arch  as  compared  with  the  other 
would  emphasize  the  tendency  to  lateral  movement  and  wo’ild  provide  an 
\mr.fife  condition. 

It  may  be  concluded  that  where  the  amount  of  cover  is  sufficient 
to  cut  down  the  magnitude  of  the  lateral  deformation  of  the  flexible  arch, 
one  need  not  be  concerned  with  the  moments  in  the  arch,  as  cccputed  for 
any  system  of  loads  applied  to  it,  because  the  loading  is  changed  by  the 


18? 


resistance  of  the  soil  to  a  loading  that  will  correspond  to  the  shape  of 
the  arch  itself,  emd  the  magnitude  of  the  moments  will  he  reduced  accord¬ 
ingly.  Consequently,  under  the  conditions  provided  herein,  the  forces  for 
which  the  structure  must  be  designed  involve  primarily  the  compressive 
dynamic  load  of  the  air  blast,  transmitted  through  the  soil  to  the  arch, 
considered  as  essentially  uniform  on  the  entire  arch,  although  varying 
with  time,  and  the  resistance  provided  by  the  arch  must  be  essentiEilly 
equal  to  its  yield  strength  under  dynamic  loading. 

SPACmG  BETWEEN  BURIED  STRUCTURES 

The  spacing  between  adjacent  buried  structures,  then,  should  be 
sufficient  to  prevent  viribalanced  lateral  loading  or  reduced  lateral  resis¬ 
tance  in  the  soil.  When  structiires  are  spaced  very  close  together  later¬ 
ally,  the  amount  of  soil  that  must  be  moved  in  order  to  pro'/ide  dynamic 
lateral  resistance  is  reduced,  and  the  resistance  is  not  inhibited  nearly 
so  much  as  in  the  case  where  the  structures  aie  based  far  apart.  Moreover, 
the  con5)ressive  load  carr.  ed  by  she  soil  around  the  flexible  arch  tends  to 
react  against  the  eurched  siirface  of  the  adjacent  arch,  and  produces  a 
higher  intensity  of  loading  on  the  adjacent  arch,  on  one  side. 

The  problem  is  essentially  not  unlike  the  problem  of  stress  con¬ 
centration  in  a  plate  with  a  row  of  holes  in  it.  Under  uni -directional 
loading  in  such  a  plate,  the  stress  concentrations  are  not  changed  materi¬ 
ally  from  those  for  a  single  hole  in  the  plate  if  the  spacing  between 
the  holes  is  equal  to  or  greater  than  their  diameter. 

Based  on  considerations  of  the  stress  distribution  around  holes 
in  general,  and  considering  the  disturbance  of  the  so'T  arising  from  dynamic 
loads  transmitted  through  the  soil  when  a  structure  is  embedded  in  it,  it 
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is  likely  that  the  area  within  which  major  disturhances  lie,  around  a  struc¬ 
ture  embedded,  in  soil,  extends  outward  from  the  structure  about  half  the 
diameter  of  the  structure ^ on  both  sides.  However,  the  disturbance  tends 
to  decrease  as  the  distance  Increases,  and  hence  the  major  effect  of  the 
interniption  of  the  continuity  of  the  soil  by  the  structure  occurs  within 
a  distance  of  the  order  of  one-half  the  radius  on  each  side. 

From  this  point  of  view  it  appears  that  adjacent  structures 
should  be  separated  by  a  distance  equal  to  at  least  one-half  the  sm  of  the 
radii  of  the  adjacent  structures,  and  preferably  one-half  the  sum  of  the 
diameter  of  the  adjacent  structures.  For  structures  of  the  same  dimensions, 
the  spacing  between  the  structures,  then,  would  be  one  structural  diameter. 

Practical  considerations  of  backfilling  the  structure  also  suggest 
that  the  spacing  between  should  be  at  least  one  diameter,  so  as  to  permit 
more  effective  backfilling  if  mechanical  equipment  is  used,  and  to  insure 
a  sufficiently  dense  and  strong  backfill,  in  any  event. 

Moreover,  the  loads  transmitted  to  the  structure  introduce  fairly 
large  forces  on  the  footiugs,  aLltnough  these  are  of  a  transient  natttre. 

There  can  be  a  tendency  for  these  footing  forces  to  prodtice  larger  move¬ 
ments  and  settlements  of  the  footings.  One  should  avoid  having  forces 
frw  m  ptrtif't.nrr  to  the  ft'otlnfi'i,  In  n'I'lltlon  to 

those  transmitted  from  the  structure  of  which  the  footings  are  a  part-,  llils 
is  acccraplished  by  having  a  spacing  of  the  order  of  the  average  diameter  of 
the  adjacent  structures,  between  adjacent  stimctures. 

In  short,  with  a  spacing  equal  to  the  average  diameter  of  the  two 
adjacent  structures,  the  loading  and  the  response  of  each  structxrre  is  vir¬ 
tually  independent  of  the  adjacent  structure.  Hence  t  '-i.s  is  the  preferable 
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spacing  if  it  can  be  achieved.  Where  conditions  require  a  closer  spacing, 
one  should  under  no  circumstances  have  a  spacing  less  than  half  the  above 
amount  between  adjacent  structures.  It  must  be  considered,  however,  that 
if  the  spacing  is  reduced  to  the  smaller  amount,  there  may  be  seme  coxapTo- 
mise  in  the  strength  and  safety  of  the  structure. 


1, 
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APPEHDIX  H 

MODIPICATIOlfS  FOR  GREATER  HARDHESS 

One  of  the  principal  advantages  inherent  in  the  hasic  structtire 
developed  under  this  sttidy  results  fran  the  ease  in  which  the  structtire  can 
he  modified  directly  in  the  field  to  provide  a  hardness  in  excess  of  tluit 
considered  in  the  original  design.  It  is  the  purpose  of  this  appendix  to 
indicate  both  the  degree  of  hardness  chtainahle  and  to  suggest  means  for 
obtaining  this  hardness.  As  an  adjunct  to  the  following  discussion  it  will 
become  apparent  that  the  main  structure  has  a  resistance  greater  than 
that  required  to  resist  an  overpressure  of  100  psi;  however,  the  eunount 
of  the  excess  resistance  cannot  be  determined  with  precision. 

BASIC  HESISTAHCE  AKD  MODIFICATIOW  OF  MAIN  STRUCTURE 

In  tlie  original  design  of  the  main  structure,  the  resistance  to 

hoop  ccsnpression  was  assxaaed  to  be  mobilized  only  in  the  steel  arch  ribs, 

i.e.,  the  timber  blocks  were  assumed  to  act  only  in  flexure  spanning 

longitudinally  between  the  rlos .  To  develop  the  concepts  needed  below, 

it  is  desirable  here  to  re-evaluate  the  resistance  in  hoop  compression  of 

both  the  arch  ribs  and  the  wood  blocks. 

The  ribs  are  structural  tees  (ST  4  WF  29)  with  a  cross  sectional 
2 

area  of  8.55  in.  .  If  a  static  load  r  of  10  psi  caused  by  the  over- 

s 

burden  and  the  weight  of  the  structure  is  assumed,  the  stress  induced  in 
each  rib  with  a  spacing  of  56.0  in.  between  centers  of  ribs  would  be, 
using  notation  from  Appendix  B. 


191 


Therefore,  for  an  effective  dynamic  yield  point  of  50  ksi,  the  reserve 
stress  available  to  resist  a  dynamic  load  would  be  46  ksi.  For  a  ductility 
ratio  u  of  5  and  a  blast  load  of  infinite  duration,  the  resistance  of  the 
arch  rib  to  dynamic  load  would  be 

Op  A  (1  -  i)  36  X  8.53  (1  - 


ISl 


96  X  56 


100  psi 


Similarly  the  6"  by  10"  timber  blocks  spanning  between  the  ribs 
have  a  flexixral  resistance  for  dynamic  load  (for  n  =  2)  of: 


o^  =  =  0.32  ksi  (stress  frcm  static  load) 

®  ^  8  x  5.5 


8  o.,  I 


DB 


cL' 


(1  1 )  .  .  I)  =  160  pol 

^  6  X  36^  * 


The  horizontal  sheeu:  in  stress  for  the  total  load  of  110  psi  (100  psi  blast 
load  as  limited  by  the  ribs  euid  10  psi  dead  load) ,  ne^ecting  the  dynamic 
effect  is 


V  -  1  X  »  3  X  110  X  36 
“  2  A  2  X  2  X  5.5 


540  psi 


Including  the  dynamic  effect  increases  v  to  approximately  7OO  psi. 
These  shear  stresses  are  barely  large  enough  to  cause  failure  of  the  wood 
blov-'ks  under  the  conditions  of  loading  specified.  As  pointed  out  in  the 
original  design  calculations  (Appendix  C),  the  design  of  the  wood  blocks 
is  controlled  by  horizontal  shear  and  not  by  flexure.  Thus,  a  resistance 
only  for  100  psi  blast  load  is  provided. 

The  resistance  of  the  wood  blocks  in  hoop  cocgjression  for  allow¬ 
able  stress  in  compression  parallel  or  perpendicular  to  the  grain  of  5  ksi 
and  p  =  2  may  be  ccmputed  as  indicated.  (Note  the  wood  blocks  are  55-1/4" 
long  instead  of  36"  long  to  clear  the  stems  of  the  structural  tees.) 


192 


r  br' 
s 


c^'c^  =  0*l8  ksi  (stress  from  static  load) 

?*5  * 


DB 


The  relative  stiffnesses  of  the  arch  rlh  and  the  timber  In  hoop 
compression  would  he  with  subscripts  T  and  S  referring  to  timber  and  steel 
respectively: 

^  ^  5.5  X  35.25  X  1.5  X  10^  ,  , 

_ — _  c  — c: - <1^: — e: - ^ -  =  1.1 

*s  s  8.53  X  30  X  icr 

Thus,  the  stiffnesses  are  nearly  balanced  for  the  unmodified  structure,  end 
it  might  seem  likely  that  the  resistances  in  the  two  materials  would  ini¬ 
tially  develop  with  each  material  sharing  approximately  one -half  of  the 
load.  However,  in  the  innediately  preceding  calculations  it  is  assumed 
that  the  tlidber  blocks  all  develop  the  coinplete  bearing  area  between  adjacent 
blocks  which  is  unlikely.  It  is  probable  that  in  the  early  stages  of  load¬ 
ing  at  least,  the  steel  arch  is  much  stiff er  than  the  timber  and,  therefore 
it  assinnes  most  of  the  load.  Consequently,  although  the  standard  struc¬ 
ture  would  at  first  appeeir  to  be  adequate  in  resisting  a  blast  load  of 
perhaps  3OO  psi  (lOO  psi  in  the  arch  rib  and  200  psl  in  the  timber  blocks 
in  hoop  compression  -  with  the  hoop  contpression  reducing  the  reaction  of 
the  timber  blocks  on  the  ribs),  one  can  say  only  that  the  hardness  of  the 
standard  structure  is  greater  than  100  psi  but  less  than  5OO  psi,  the 
actual  hardness  depending  upon  the  quality  of  the  fit  between  the  timber 
blocks.  In  the  general  ceise,  it  is  believed  that  the  resistance  of  the 
standard  structxire  might  be  consistent  with  a  hardness  of  I50  psi,  but 
until  it  is  proved  it  would  be  dangerous  to  count  on  a  hardness  in  excess 
of  the  100  psi  rating  assigned  to  it  in  the  main  report. 
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On  the  other  hand  the  preceding  calculations  suggest  a  simple 
field  modification  which  will  increase  the  hardness  of  the  main  structure 
to  at  least  200  psi  and  probably  to  more  than  500  psi.  Yet  as  just  men¬ 
tioned,  the  \5)per  value  should  not  be  counted  upon  until  it  is  proved. 

The  sinple  field  modification  could  be  effected  by  ordering  twice  the 
number  of  arch  ribs  in  each  main  structvure  kit  (Kit  2)  but  the  same  romber 
of  timber  blocks  and  sills  as  in  the  basic  structure.  At  the  outset  It 
should  be  mentioned  that  other  modifications  would  be  equally  sound  struc¬ 
turally,  but  the  one  about  to  be  described  seems  more  economical  of 
material  and  labor. 

With  twice  as  many  structural  tees  they  can  be  spaced  at  l'-6" 
instead  of  the  3'~0"  on  centers  by  merely  drilling  additional  holes  in 
the  sills  and  in  the  arch  crown.  Since  these  holes  would  be  in  timber 
they  could  be  easily  drilled  in  the  field.  The  standard  arch  blocks  (the 
timbers  spanning  between  the  steel  ribs)  could  be  cut  to  fit  between  the 
arch  ribs.  Cutting  of  the  arch  blocks  wotLLd  involve  much  labor  in  the 
field,  but  the  51  nien  doubtless  could  accoaplish  this  modification  rather 
quickly,  parti culeo'ly  if  a  power  saw  is  available.  By  reducing  the  spacing 
between  arch  ribs  to  one  half  their  original  value  the  resistances  to 
dynamic  load  are  increased  as  shown  in  the  following  table: 

Resistance  to  Blast  Load 

Member  of  Infinite  Duration 

psi 

Cl -el  ;a-ch  I.x'.  210 

Timber  Blocks: 

In  Flexure  65O 

In  Horizontal  Shear  210  (7OO  psi  stress 

in  timber) 

In  Hoop  Conpresoion  200 

Relative  Stiffness: 

Timber-Steel  (Hoop  Ccc^).)  0.6 
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On  the  basis  of  the  earlier  argument,  the  steel  rib  being  stiffer 
than  the  timber  will  carry  a  greater  portion  of  the  load  in  hoop  conpression 
xmtil  it  yields,  when  it  will  transfer  additional  load  to  the  tiuiber.  The 
resistance  of  the  steel  rib  alone  ie  consistent  with  a  hardness  of  210  psi 
while  the  cooibined  resistance  in  hoop  conpression  of  the  rib  and  tiniber 
blocks  is  450  psi  assuming  full  contact  between  adjacent  timber  blocks  and 
that  the  hoop  conpression  reduces  the  reaction  of  the  tiniber  blocks  on  the 
rib  to  be  consistent  with  210  psi  blast  load.  Inspection  of  the  conditions 
in  the  outstanding  leg  of  the  structural  tee  indicates  it  is  capable  of 
resisting  the  reaction  consistent  with  a  210  psi  blast  load  (cf  Appendix  C). 
Also  inspection  of  the  footings  indicates  that  the  sills  will  not  be  over¬ 
stressed  even  for  a  blast  load  of  450  psi  (cf  Appendix  C)  although  the 
bearing  stress  would  be  significantly  increased.  Nevertheless,  as  pointed 
out  in  Appendix  C,  the  bearing  stress  would  not  appear  to  be  critical  in 
limiting  the  hardness  cf  the  structxire.  Thus,  it  would  appear  that  the 
fairly  siaple  field  modification  outlined  in  the  preceding  discussion 
would  increase  the  hardness  of  the  main  structure  ccnponent  to  at  least 
210  psi  and  possibly  to  450  psi .  As  already  mentioned,  it  is  believed 
tliat  the  modified  structure  might  have  a  hardness  of  5OO  psi. 

MODIFIC.VnON  OF  BULKHEADS  AND  APPURTENANT  STRUCTURES 

Increasing  the  resistance  of  the  end  bulkheads,  passageway, 

„4--i .--i---  -nt rate --'ay  and  -tl--i  structures  is  as  :  :^'iily 

acconplished  as  is  that  of  the  main  struct-ure.  Ease  of  modification  in 
the  main  structure  is  provided  by  the  fact  that  a  fully  buried  arch  resists 
blast  loading  through  hoop  compression;  on  the  other  hand  conponents  of  the 
end  bulkheads  and  appurtenant  structures  resist  the  blast  load  wholly  or 
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partially  in  flexure  and  strengthening  a  flexural  member  is  accouiplished 
readily  by  reducing  its  span.  Many  concepts  capable  of  increasing  the 
hardness  of  the  various  conqponent  structures  were  considered,  but  none  of 
them  is  considered  reasonably  reliable  vhen  one  is  limited  to  field  modi¬ 
fication.  Therefore,  the  various  concepts  considered  will  be  summarized 
as  well  as  some  of  the  reasons  for  not  favoring  them. 

End  Bulhhead.  By  reducing  the  span  of  the  vertical  posts  in 
the  end  bulkhead  to  one-half  the  original  value,  the  moment  resistance  is 
increased  four-fold  provided  there  is  no  deformation  of  the  sv^ports. 
Reducing  this  span  could  be  acconpllshed  by  (a)  providing  two  bulkhead 
trusses  at  each  end;  one  at  the  level  of  the  sill  as  in  the  basic  design 
and  one  at  mid-height;  (b)  providing  concrete  dead  men  and  cables  which 
stgjport  the  posts  at  mid-height;  and  (c)  tying  with  cables  the  center  of 
the  posts  to  utility  structxires  placed  at  right  angles  to  the  passageway 
(cf  Pig.  H-l).  Alternate  (a)  was  discarded  because  it  wovild  also  require 
placing  a  second  set  of  sills  for  the  full  length  of  the  structure  at 
mid-height  to  carry  the  reactions  of  the  truss  and  because  the  second 
truss  would  interfere  with  any  passageway  placed  at  the  end  of  the  struc¬ 
ture.  Alternate  (b)  was  considered  undesirable  since  dead  men  and  cables 
classically  are  difficult  to  arrange  to  give  effective  B\;5)port  without 
attendant  deformations  and  the  deformations  must  be  severely  limited  to 
insure  providing  the  resistance  required;  of  secondary  importance  was 
the  relatively  complex  connections  required  between  the  posts  and  cables. 
Alternate  (c)  was  considered  undesirable  also  for  the  same  reason  but  pri¬ 
marily  because  premature  failure  of  either  the  end  bulkhead  or  the  utility 
structure  doubtless  wculd  trigger  failure  of  the  other  ccraponent. 
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Another  alternative,  of  course,  consists  of  using  a  greater  nuaiber 
of  posts  and  modlfylxig  the  wood  "blocks  spanning  "between  them  "by  cutting 
them  In  half  or  In  thirds  In  the  field  and  In  modifying  the  "bulkhead  truss 
to  support  the  added  posts  at  psmel  points.  This  alternative  seemed 
undesirable  since  (a)  to  obtain  a  resistance  consistent  with  a  hardness 
of  500  psl  which  seems  possible  In  the  main  structure  requires  three  times 
the  nuniber  of  vertical  posts  provided  in  the  main  structure;  and  (b)  field 
modification  of  the  truss  would  require  procuring  steel  which  was  not  a 
part  of  the  standard  system  and  a  relatively  large  amount  of  field  welding. 

These  observations  led  to  the  tentative  conclusion  that  It  would 
be  more  economical  and  would  provide  as  sound  a  "structural  system"  If  no 
bulkhead  were  used  at  all  and  the  main  structure  were  extended  one  ad(ii- 

r 

tional  panel  at  each  end  to  allow  compacted  backfill  to  extend  within  the 
structure  at  a  slope  of  perhaps  1  on  1.  This  earth  would  form  the  end 
"bulkhead."  However,  there  is  no  completely  reliable  method  for  predict¬ 
ing  the  behavior  of  this  earth  bulkhead  under  blast  loads.  Consequently, 
it  is  a  tentative  suggestion  which  must  be  investigated  in  detail  before 
it  is  adopted  in  the  system.  This  suggests  also  an  interesting  possibility 
of  providing  an  entranceway.  Since  the  entranceway  need  provide  only  a 
means  of  ingress  (egress  may  be  acconplished  by  digging  away  the  earth 
bulkhead)  the  entrancevay  perhaps  could  be  designed  such  that  it  provides 
no  intentional  hardness  so  long  as  when  it  failed  it  did  not  eillow  signi¬ 
ficant  blast  pressures  to  enter  the  structure  nor  trigger  the  failure  of 
nearby  conponents  such  as  ventilation  structures.  The  latter  requirements 
are  not  too  difficult  to  satisfy,  but  it  is  beyond  the  scope  of  the 


current  effort. 
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Passagevay  and  Utility  Structvires .  Field  modification  of  the 
passageway  and  utility  structxires  presents  a  prohlem  similar  to  the  one 
Just  discussed  relative  to  the  end  bxiUtheads,  yet  it  is  not  as  acute. 
Although  the  frames  which  a\:5>port  the  sheeting  and  covers  are  subjected 
to  direct  stress  and  flexure  in  ccaribination,  their  overall  resistance 
can  he  increased  to  he  capable  of  achieving  approximately  a  JOO  psi  hard¬ 
ness  by  spacing  them  at  l'-6"  instead  of  J'-O”.  To  accomplish  this 
spacing  requires  drilling  holes  through  the  steel  sills  to  accept  the 
added  frames,  a  somewhat  difficult  task  but  not  an  insurmountable  one  to 
accooiplish  in  the  field.  By  reducing  this  spacing  the  resistance  of  both 
the  timber  wall  sheeting  and  the  steel  covers  is  increased  by  approximately 
fo\ir-fold.  However,  use  of  one-half  of  the  original  spacing  for  the  frames 
requires  inverting  the  steel  covers  so  that  the  added  frame  does  not  inter¬ 
fere  with  the  structural  tees  used  in  the  steel  covers.  This  requirement 
will  degrade  the  resistance  of  the  covers  since  the  tees  will  carry  the 
conpressive  stress  induced  by  flexure,  and  as  a  result  they  will  be  sus¬ 
ceptible  to  lateral  buckling  which  is  not  encountered  when  the  covers  are 
placed  in  the  manner  originally  intended.  Nevertheless  the  resistance  of 
these  covers  will  not  be  reduced  below  that  required  to  achieve  a  JOO  psi 
hardness . 

Another  problem  introduced  by  reducing  the  spacing  of  the 
passageway  (and  utility)  structure  frames  results  when  the  connection  of 
the  verticed  entranceway  to  the  passageway  is  considered.  The  added  frame 
in  this  region  can  he  eliminated  if  wall  sheeting  can  also  be  eliminated. 
Wall  sheeting  can  be  removed  in  the  single  panel  of  the  passageway  where 
the  entranceway  connects  if  an  arrangement  of  the  passageway  and  utility 


structures  is  modified  to  the  configuration  shown  in  Fig.  H.l.  This  arrange¬ 
ment,  of  course,  requires  that  two  utility  structures  he  used  with  each 
passageway  and  two  additional  bulkheads  for  the  passageway  (in  addition  to 
those  stq^plied  in  the  standard  structure)  must  he  provided.  Also  each 
utility  structure  must  he  provided  with  twice  the  nuniber  of  frames  as  pro¬ 
vided  for  the  standard  (iOO  psl)  structure. 

Bach  end  h\ilkhead  \ised  in  the  passageway  and  utility  structure  for 
the  structures  with  increased  hardness  must  he  reinforced  to  give  a  resis¬ 
tance  compatible  with  the  larger  loading.  Increasing  this  resistance  is 
difficult,  and  it  may  he  desirable  (and  more  economical)  to  extend  the 
structure  and  use  the  earth  bulkhead  suggested  previously  for  the  main 
structure . 

Entranceway  and  Ventilation  Structures.  Evaluation  of  the 
behavior  of  the  entranceway  under  blast  loading  is  a  highly  indeterminate 
problem:  (l)  The  reaction  frcmi  the  domed  closiire  (hatch  cover)  would  be 
distributed  through  the  support  to  both  the  soil  emd  the  pipe  coltmms; 

(2)  eufter  some  deformation  of  the  soil  and  pipe  colxnnns  occurs,  the  actual 
concrete  and  corrugated  steel  entrance  pipe  doubtless  would  resist  part  of 
the  reaction;  and  (5)  the  support  for  the  domed  closure  doubtless  partially 
shields  the  entrance  pipe  from  the  direct  blast  force,  but  at  the  same 
time  this  support  produces  forces  vhich  act  on  the  entrance  pipe.  Although 
it  is  inpossible  to  make  a  rigOrous  analysis  of  the  general  behavior,  it 
i&  ttvi^aieat  -1,110.0  sufficlenTi  strength  can  be  obtained  by  provision  of  a 

t  i 

third  standard  comigated  pipe  with  an  inside  diameter  of  5'-0”  (This 
diameter  is  dictated  by  the  spacing  of  "the  pipe  columns  supporting  the 
hatch  8Lnd  not  by  strength.)  around  the  entire  entrancevay  and  filling  the 
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unmilar  space  between  the  standard  entrance  pipe  and  the  added  corrugated 
pipe  with  concrete.  Tbe  added  corrugated  pipe  wovild  be  a  special  item 
which  is  not  included  in  the  stai^Uird  structure.  It  should  be  noted  that 
the  thickness  of  the  corrugated  pipe  is  not  critical  since  the  concrete 
fill  provides  the  requisite  strength. 

The  doaed  hatch  cover  will  resist  the  loading  associated  with  an 
overpressure  of  JOO  psi  because  the  thickness  of  it  was  increased  to  much 
more  than  three  times  the  theoretical  thickness  in  the  standerd  design  to 
allow  welding  of  hinges  and  sealing  angle  to  it. 

Because  of  the  necessity  of  spacing  the  frames  in  the  passagewey 
and  utility  structures  at  one -half  their  designed  spacing  to  acconqjlish 
the  increased  hardness,  it  would  be  necessary  to  tise  only  the  cover,  PC-5# 
in  an  Inverted  position  to  support  the  ventilation  tube.  This  also  would 
necessitate  field  drilling  of  holes  in  the  channels  which  support  the 
ventilation  tube.  Furthermore,  a  special  connection  must  be  provided  to 
attach  the  intake  duct  to  the  ventilation  tube  which  will  allow  the  top 
member  of  the  added  frame  to  pass  throxigh  the  connection.  The  concrete 

adequate  in  reinforcing  the  ventilation  tube  to  resist  an  overpressure  of 
300  psi. 

MODIFICATION  FOR  RADIATION  PROTECTION 

If  the  stnicture  is  to  provide  protection  at  ranges  consistent 
with  a  side-on  overpressure  of  ^00  psi  provision  of  the  increased  protec¬ 
tion  factors  against  radiological  hazards  becomes  a  significant  problem. 
However,  approximate  analysis  of  the  type  presented  in  Appendix  D  indicate 
that  the  radiological  dose  within  the  structure  can  he  held  to  approximately 
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100  HEM  if  an  additional  one  foot  of  cover  (increaalng  the  cover  over  the 
crown  of  the  arch  to  5  ft.)  is  provided  even  for  a  range  consistent  with 
a'JOO  psi  oveipi*®88ure. 

SHOP  MODIFICATION 

Of  course  the  kits  nay  he  readily  modified  to  provide  a  structure 
with  300  psi  resistance  initially,  using  the  methods  and  principles  des- 
crihed  herein.  This  is  not  provided  for  in  the  drawings  and  instructions, 
however.  Nevertheless  no  changes  in  the  basic  concepts  are  necessary  to 
provide  the  stronger  structure. 
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APPENDIX  I 

HISClIiLAHEOUS  ALTERNATIVE  STPIJCTURAL  CONFIGURATIONS 

There  axe  summarized  in  Chapter  3  the  specific  alternative  means 
of  construction  considered  during  the  process  of  designing  the  basic 
shelter  described  in  the  main  report  Hence,  this  appendix  describes 
briefly  those  concepts  which  show  promise  for  the  specific  type  of  con¬ 
struction  considered  and  for  other  associated  types  of  construction.  Sev¬ 
eral  obvious  alternatives,  such  as  the  substitution  of  a  reinforced  con¬ 
crete  arch  for  the  structural  tees  and  timber  blocks,  will  not  be  discussed. 

ALTERNATES  FOR  STANDAPD  STRUCTURE 

Followirig  completion  of  the  design  of  the  passageway  and  utility 
structures,  it  became  apparent  that  a  simple  addition  to  the  kit  containing 
the  utility  structure  would  allow  it  to  be  arranged  with  its  axis  perpen¬ 
dicular  to  the  axis  of  the  passageway  or  other  utll:ty  structures.  For¬ 
tuitously,  the  span  of  the  steel  frames,  which  was  dictated  by  the  clearance 
between  vertical  posts  in  the  end  sulkhcad  of  the  main  structure,  corresponds 
ideally  with  the  spacing  between  frames  Thus,  without  seriously  restrict¬ 
ing  the  clearances,  utility  structures  may  be  framed  into  the  sides  of 
other  utility  structures  (or  passageway)  by  merely  providing  an  opening 
in  the  timber  lagging  and  by  providing  an  additional  steel  frame  in  the 
utility  structure  to  support  the  timber  lagging  and  steel  covers  at  its 
point  of  intersection  with  another  utility  structure.  A  positive  connec¬ 
tion  between  struct-ures  arrayed  as  a  "T"  can  be  accomplished  by  drilling 
holes  In  the  steel  frames  at  the  intersection  and  bolting  them  together. 
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The  advantage  of  the  arrangement  Just  discussed  is  that  it  pro¬ 
vides  great  latitude  in  arranging  equipment  in  these  appurtenant  structures, 
and  possibly  of  greater  importance,  the  passageway  and  utility  structucfija.^ . 
can  be  used  as  connections  between  main  structure  installations  which  may 
be  arrayed  side-by-side,  end-to-end,  or  perpendicular  to  one  another.  Being 
able  to  connect  main  structvire  installations  to  one  another  easily  may  prove 
advantageous  for  purposes  of  direct  coomiunication,  for  using  one  ventilation 
system  to  service  several  shelters,  and  possibly  for  increased  morale  among 
shelter  occupants.  It  should  be  noted  in  this  regard  that,  although  the 
passageway  and  utility  structures  are  shown  attache!  to  only  one  end  of  the 
shelter  in  the  detailed  plans,  a  passageway  can  be  connected  to  either  end 
or  to  both  ends  of  the  main  structure. 

Also  it  appears  quite  possible  that  the  utility  structure,  at 
least,  could  be  fabricated  from  an  elliptlcally  shaped  or  oval  corrugated 
steel  structure  (frequently  refenred  to  as  a  cattlepass).  This  concept  was 
discarded  in  the  actual  design  of  the  shelter  because;  (l)  it  is  difficult 
to  frame  the  entrance  tube  into  the  elliptical  section  and  (2)  the  stability 
of  the  relatively  flat  surfaces  was  questionable.  If  the  rectemgular 
passageway  as  designed  is  used  to  attach  the  verticEil  entrance  tube  while 
cattlepaisses  are  used  for  utility  structxares  and  connections  between 
shelters,  the  first  objection  can  be  circumvented.  The  problem  of  stability 
of  the  relatively  flat  WEill  surfaces  of  the  oval  struct\u*e  can  be  solved 
by  bolting  a  steel  beam,  as  a  wale,  longitudinally  at  the  center  of  the 
flatter  wall  surface  and  by  placing  temporary  struts  between  opposing 
wales.  This  is  similar  to  the  temporary  struts  specified  for  the  steel 
frames  used  in  the  basic  design. 
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SAinJWICH  CONSTROCTICM 

Relatively  early  In  the  consideration  of  possible  structural 
configurations  appropriate  for  use  slb  a  shelter,  a  type  of  construction 
vas  conceived  vhich  offers  great  promise  for  increasing  the  hardness  (or 
also  the  static  strength)  of  existing  arched  structures  and  potentially 
a  means  of  providing  extreme  hardness  economlcalJy.  This  type  of  construc¬ 
tion  was  not  adopted  for  the  basic  design  because  it  appeared  too  sophis¬ 
ticated  a  system  to  be  erected  in  a  forwsird  area  in  a  brief  period  of  tine. 

Semdwlch  construction  has  been  adopted  as  a  name  for  the  pro¬ 
posed  concept,  and  this  name  graphically  describes  the  cross-section  through 
the  arch.  The  construction  would  begin  by  forming  an  appropriate  founda¬ 
tion  and  erecting  on  it  in  standard  fashion  a  statidard  corrugated  metal, 
steel  plate,  or  reinforced  concrete  arch  of  the  requisite  span.  A  few 
inches  outside  of  this  arch,  and  concentric  to  the  first  erection  of  a 
second  standard  arch  is  begun.  The  spacing  between  the  arches  is  dictated 
by  the  clearance  required  to  later  fill  the  space  with  another  material, 
and  partially  by  the  strength  required.  Spacers  are  fastened  to  both 
the  inner  and  outer  arches  as  the  second  arch  is  erected.  Alternatively 
shear  lugs  can  be  fastened  to  each  arch  separately  before  erection  of  the 
second  arch  begins.  As  erection  of  the  second  arch  proceeds,  or  after 
completion  of  erection  of  the  second  arch  except  for  plates  at  the  crown, 
the  space  between  the  two  arches  is  filled  with  sand,  soil,  soil  cement, 
concrete,  or  another  appropriate  material.  This  filling  material,  being 
confined  in  the  annular  space,  will  develop  much  larger  strengths  than 
would  be  inplied  by  its  uneonfined  properties.  Obviously  this  procedure 
can  be  used  to  increase  the  resistance  (both  static  and  dynamic)  of  existing 


arched  8trtict\ures  of  any  material.  The  footings  can  he  extended  and  an 
arch  erected  outside"  of  the  existing  structure  and  the  annvilar  space 
filled  vlth  an  .appropriate  material. 

The  process  of  erecting  additional  arches  and  filling  the 
space  between  arches  can  he  continued  to  provide  as  leurge  a  resistance  as 
desired.  In  this  fashion  extraordinary  resiotemce  could  he  gained  very 
economically.  Therefore,  it  is  a  concept  which  deserves  strong  considera¬ 
tion  for  futtire  stinctxires . 
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DETAILED  PLANS 

This  portion  of  the  appendix  contains  the  detailed  plans  for 
the  proposed  shelter.  Included  on  the  plans  are  detailed  fahrication 
instructions  a^  well  as  recommended  erection  procediures. 
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Ifoet  aai  Aolt  latorMalac  M*l8,  Coa^laU  Aolttac  of  SUf  5a  oAora. 
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U.  Caartrwtfa*  at  «Aa  paraa^aiwr  arr  >»  at  laA  atjaallMaaBalf  rliW  *af%  at  af^aatta  amt  aC  aWaltar. 

1).  tttmr  rartiaal  Aa««  ¥aaa  faaMaat  to  arek  rt>a  (tf-7).  paa  $tm  araettaw  at  X3m  yaaaac* 

aar  av  W0a. 

1%.  rriyara  a^^^W  far  swa^aaar  atUr  Vy  Vl«ata«  ^  r<  wU  rm  ft  Wefcf  U  tta  aaS  traca.  It  0 
laaaaaial  tma  tto  aartftU  W  4*  tMoft  t*a  ftaA  Ia«  af  tmgltu  la  tfta  tvaaa  If  rnmm  (r-I)  ta  ta  altr> 
f^Varlf  nUl 

15.  n*aa  ta#  y>  r%.  L*a«ta  of  paljrttaUaa  Wiiitlas  arntt  Uwt  tJW  eaatrr  *r  tW  iWaatli^  la  at  raaftarllM 

U.  Ika  S*  a  12*  yalratfcalaaa  aSaattat  la  Xit  ^  ta  ta  W  ylarai  at  t*a  ilaaai  amt  at  tWa  yaaaavMvy  atraat 
(ar  tta  alaaaS  aaA  oT  i»a  atilttr  atraatari  If  aaa  la  atttaaWai).  Tka  6*  ttaaaalaa  iSaall  ka  aaita»a4 
mm  tfta  mtt  aT  Cka  yaaai«paar  (ar  ^ISty  atraatwa)  ritJi  akaat  7*  ylaca4  aaCar  tka  aa4  af  tka  alUa. 

IT.  naaa  atUa  (f*l)  la  yaaltlaa  ipyraalaanMl^  7  1/7*  tram  iwtiaal  kasaa  taall  magX*-t 

%m  all!  aaa*  W  a*  aatatSa  af  yMaa#paas>  Caatarltsi  at  pamammaaa^  ta  eaatar  ea  louf taAtacC 
aatarllsa  a€  Skaltar. 

la.  iMart  aala  at  fraaai  (f-l)  la  alU  (»*l)  aljaeaat  ta  aartlaal  kaaw  Caaaart  7-1  ta  allk 

fav  1/2*  Ala  s  ^  1/2*  »aiu.  C w  »t  tram  (r«I)  ta  allU  (1-1)  «tU  1/2*  Ala  s  1  1/2*  kol«a. 

17.  n««a  aaat  ^>irrt  tyama  (7.1)  la  yaaluaa  aa  all!  (».l}  aaA  'aaaaly  kalt  aitk  l/f  ■fim  n  \  1/2*  kalt 
Til  in  ilj  kfwaa  f-l  ta  yaaittaa  kr  aaias  ytM**  af  alAlas  (t?)  FUaa  y  iinwm  ca«ar  (?C>t)  la 
yaatUaa  kalUas  lacMlr  ta  fru  (7-1)  ntk  l/i*  Ala  s  I  l/tr  ka^t*. 

20.  raattaaa  araaaim  aa^A  7C>U.  aa  akaaa,  aatti  all  of  tka  fraM  (7.1)  la  Kit  t,  kava  ar^tmt. 
rwa  fC.l  lArall  ka  ylaaaA  rltk**  tita  oa  tka  kalta.  9aa  Itay  Wm.  Vt. 

21.  riaaa  «laava  ylat#  (CT.l)  aaa*-  tay  of  kaaaa  (k>i)  ta  carar  t-yaalaA. 
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H  It  NCVWAAX 
i>-kaaa,  mhmci* 
Ca*wra<»  Da-22-07>-* 

- s«FT  “T^* 


4  KM  nr  *0.  6  (nancAL  ormocmt) 

I  fit  6  (X  i«t*A  for  n  mm  •teLt«r) 


PC^  Oorvp 

■A-L  ttMoA  lotKlf 
■C'l  ^aportias  CoXao 

tairvftoo  ftp* 

a»-i  ru  «oito 

Mktctol.  no:l 


Ci^ito  /uo^xr.i< 
y  dio.  ptd.  fipo 
MPQi  A•A^ 

am  t>7 


n.  4U  oaapaooO  looliAioc  tPo  trrvVtoif  papo  (CV>I)  wmX  Vt  pUnod  Vofor*  u«  mU  ■fcootlog  U 

mrmr^m€  mm  tfeo  vtlUtr  itrarvirv.  So  lootr«*tiooo  oro  Itolodai  for  Uo  pUoloc  oT  mr  mfmitmmmX. 
TW  eloofo  ptotoo,  CP-1  oja  9-t,  tro  Paa««4  Is  pi  ■or  t^trrm  ooA  >olor  \r%bm  (S^),  Tl  ipiitlrply, 
viu  l/r  «U  >  I  l/P*  k$  Uooo  ■looart  platoo  Tvrm  Mm  ^olrtwi  for  oortfe  flU  iml 

tao  rroolosp  (^1]  Uop  wmmt  W  ploool  iSot  Um  ftU  viU  hold  o^laot  tSotr  rasporto. 
flt4»  «Twl«pr  (CS^l)  tSrvo^  ta*  opoBliic  to  CP'd. 

Tj.  l!So  orootioo  oC  tSr  mil  obortlao  for  tw  pumopw^  k;  yj'oaoftd  rtJHdUacoaoijr  vits  tSo  oravtioa  mt 
too  ottutr  •IfooOwo  riUo  oat  frui,  toooaXy  a«Ai  ««U  moS  (Mi)  to  eilp  mm 

•lU  ootog  L/V*  41*  a  3*  a«lt«.  rimmm  mU  oSootl^  (M)  Ml  Oolt  t<9  me  ■«*  (MS)  t*  tUSor 
iigaira  «Up  oaglo  <*•!).  Tl^fWo  M.t*  U  Mi. 

90.  jr  •  wortleia  oaUo— ■007  l«  to  a«  lootolIM  la  ym^iapy,  ee»  »»,jmiu%rmiir  «o«*r.  fR-1)  Mot  W 

roputo*  ip  p;-4  (rr«B  Kit  4).  MlU  tUa  cooU  a*  4o«a  *\  «uv  tt»»  tl  Om  Pooo  no— I  t*ol  IC*4 

<<il  art  a«  pLarrt  aatli  Uo  Wolrfm  hao  Was  plaooi  aloag  ta»  alf  m  of  t*o  faaoapoaap* 

M**o«  «w  rtnaaawo  oao  PC-I  mmmX  Oo  fl*e«4  vtto  tia  Pelt*  la  placa  b«t  vtt^sMt  w^- 

2X.  TM  oM  Mn-fTTd  tmmwmt  ai>  l*  IhIMM  la  fit  t)  ioMaar.  it  rr.at  U  pU<^o«  at  tSa  oaa  aT  «4a 
vtilttp  fit  3>  If  0  attli^  I  traeturc  la  a»a4.  Sell  itallSwwi  aallar  (If)  tataaaw  UM 

rUMO*  «r  rrMB  (r>l)  aolac  l/f*  «:•  «  «  I/:*  ^ta.  Sail  ts»  i^ltoarl  ifMatlac  (M)  to  V 

Miac  i44  ani'.M.  flald  aetak  99  to  tlaar  k^ta  tarvagO  H. 


^'rap  tw  p«l7Tikal«aa  M»artfai|  * 

*trw»ara. 


L  tka  ot4ao  aB4  tka  nA  rf  tka  oot/*0’  ottlttp 


7T.  '111  »r«raMtka  •t^kas  aad  aoda  of  tka  paeoaManp  rjA.  r*rtm^amm  la  £*  llfta.  kaad 

^  to,  >0-  mmx  a  fmt  ,  i>«  f  oaf  of  tao  ■aaaapanniir  \iULli7  iitrv4Vara. 
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r«  MM*  o«««  4«»f  t*' 

^•••4  L>444»  f*  ■•W^44  C»w4Wi 


entrance  ladder.  EL-' 


'  0^  ••N  I  (ft  -  II 


5'  (>••  »<M  USCMI 


P.M  If  P  - 


AmsiIwi  •«!••««  T««  cpr*w«4l«4 
P<4Pt  C^'t  T»  ••  r.<i«« 

«<tft  r.«i4  «.«t4  C4»<rtN 
fP-l  1%  M  Pl«C« 


O  j  •  • 

-  s  ? 


r6.  Umpw*  mm  m  mrm  emmv  {K*l}  W  ^twSI  ylniti  of  utiLlt/ 

»\rw^t4  to  for*  U«  Wirt— /> . 

7^.  ttmmm  Mi  4J»«c4i  mm  >4iMfM%y  mmr  (fC*l)  Tm  mc*  »*rue4l  ootmMfMir. 

•  pptihjrwj'  tov«r  (PC>9)  tft  It*  tl**«> 

>0.  n«eo  MtFMM  ptpo  (V«I)  U  loMtlM  omr  Ml*  la  K*t.  i«««  lag  mmA  »Xot  for 

11.  lM*rt  **0*4  **4  of  tt*  *olt  (Rf-l)  la  Ml*  la  mc*  eor»*r  of  K-2- 


)3.  riM*  1*  iia.  MtraM* 


.  fly*  (BC-l)  mmr  aar*  tl*  Volt. 


ria**  tiMor  t«^lat*  fTT-I)  t*  Motor  o<««r  oatraac*  (0~l)  aoi  tlMtoa  th*  tl* 
V«ai*  »*eofol/  to  holi  VtH*  I*  >ro»ir  poat^loo. 

'V.  laMflll  aor  mm  V*  ala*«4  ar««ai  t**  •■uane*  atrvetar*.  *■  to4l;*t*4  on  SM*t  9  to 
vttila  i*  of  tv*  tlM*T  tOMlat*.  alt*e>Mb  It  vtll  V*  Mr*  i**lro*l»  to  VoeVflll  arooai 
•Ml laaiapy  Mi  »*atll*tloa  •tmetoar**  •laatoMOMiy.  AJt*r  VocvrUllM  to  nt.ua  o* 
of  tlM*r  tMfUt*.  tM  t^Uto  »*0«I4  V*  i*m**4  aai  MohflUlM  coattno*4  to  tV* 
l*v«l  of  tto  aatraac*  ftfm  (IF-l). 

nil  ««14  V*tv**B  ecrruMt*i  Vtjw*  of  nt*  flali  olaoi.  1*  *1^,  Moer***.  no 
iVorwiMlf  ■ 

y6.  flmom  Mtoh  {IA>ll  o*«r  tb*  ap*ol8«  la  (IP*1)  tkrwailBj  tM  *ai*  of  t*«  tl* 

Volt*  throaidk  t**  Conor  Ml**  Ic  t*«  Mte*  a«»«Mljr.  T'.fb^  tit  bolt*  ooourolr  **4 
coMlot*  VotckflLltog  ogoMtloe*. 
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